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As the practices of fraud and use of child labour in the cotton industry become more 
sophisticated and harder to prevent[1], undermining detection using falsified 
documentation becomes easy to achieve[2]. Stable isotopes are frequently used in 
analytical forensics as a means of authenticating raw cotton by utilizing the stable 
isotope ratio determinations of light elements H, O, C, N and S. The use of stable 
isotope in analytical forensics tend to complement the conventional chemical methods 
of analysis which are not as able to determine the regional provenance of cotton 
explicitly. 
 
The 𝛿2H and 𝛿18O isotopic values of precipitation vary across the globe. This variation 
provides a unique fingerprint for different parts of the world. The 𝛿13C incorporated 
through the water taken up by the plant via roots and the process of photosynthesis in 
the cotton plant is reflected in the cellulose fibre[3]. Hence, these isotopic ratios are 
potentially ideal means of determining the origin of the raw cotton samples. 
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This work presents, for the first time, the effects of manufacturing processing 
techniques on the 2H and 18O isotopic values of cotton through the analysis of 2H and 
18O isotopic abundance of the processed cotton fibres on High-Temperature 
Conversion-Isotope Ratio Mass Spectrometry (TC/EA-IRMS). Exploration of 
environmental drivers that can contribute to the variations in the stable isotope ratios 
and reasons for regional differences in stable isotope ratios of cotton are also 
discussed in this dissertation. 
 
These effects are assessed to determine any potential alteration to the manufacturing 
processes of cotton and to confirm a robust statistical measure of the natural range 
and variance of stable isotopic ratios of cotton in different parts of the world 
respectively. Hence, employing multivariate statistics as a means of demonstrating 
and modeling the correlation between the variations and geographical regions from 
where the cotton samples originate. The results are presented for raw cotton from 22 
countries around the world and processed cotton from the USA. The results for the 
raw cotton study deduced that there is a significant difference in raw cotton from 
different countries around the world. Moreover, the second part of the study which was 
done with the processed cotton proved that cotton could be traced back to its origin 
even after it has undergone different processing techniques.  
The results demonstrate the potential for an underlying presumption of results for 𝛿2H, 
𝛿18O and 𝛿13C isotopic values of cotton.   
 
Keywords: Stable Isotopes Ratios, Analytical Forensics, Authenticating, 
Precipitation, 𝛿2H, 𝛿18O, Photosynthesis, 𝛿13C, Raw Cotton, Manufacturing 
Processing Effects, Processed Cotton.  
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Chapter 1: Raw Cotton Past and Present Work 
 
Figure 1: The selected objective showcases what Chapter 1 will be exploring to help achieve 
the aim of this research project[4-7].  
 
Introduction 
Cotton Classification and Indigenous Origin 
Cotton is a soft fluffy fibre that grows in a protective case surrounding the seeds of the cotton 
plant. Cotton belongs to the genus Gossypium and only four species in this genus are known 
to be cultivated (see Figure 2). The cultivated species are G. arboreum (also known as tree 
cotton native to India, Pakistan and other tropical and subtropical regions of the Old World)[8] 
and G. herbaceum (also known as Levant cotton native to the semi-arid regions of sub-
Saharan Africa and Arabia)[9] which are diploids; G. hirsutum (also known as upland cotton 
native to Mexico, West Indies, northern South America, Central America and possibly tropical 
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Florida)[10] and G. barbadense (also known as extra-long staple (ELS) or pima cotton 
associated with high-quality cotton cloth)[11] which are tetraploids[12, 13].  
 
 
Figure 2: Cultivated Gossypium species. Photo credit: tree cotton by KENPEI, Levant cotton 
by H. Zell and upland and pima cotton by Forest and Kim Star[14]. 
 
The first two species of cotton highlighted above are the shortest in length size cotton. They 
are the most common cotton cultivated in different parts of the world, along with G. hirsutum. 
The latter species of cotton, G. barbadense, represents only about 5 % of world cotton fibre 
production[11]. Countries like Egypt produce the world’s most expensive cotton due to its fine 
quality. The length of the Egyptian cotton fibres is either long-staple or extra-long staple. This 
means that the fabrics produced from this cotton fibre are more delicate, lighter, more durable 
and longer-lasting, which results in the production of elegant clothing in the high-end market.  
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Cotton utilizes the Calvin cycle (CC) for the fixation of carbon dioxide from the air, which 
takes place within the chloroplast (see Figure 3). The light energy captured from the sun 
generates ATP that feeds into the CC reducing carbon dioxide to sugar and regenerating the 
ADP to be returned to the light reaction creating more ATP for powering of the CC. In the CC, 
carbon dioxide taken in by the cotton leaf reacts with ribulose 1,5-biphosphate (RuBP) in the 
first instance to produce two 3-C molecules of 3-phosphoglyceric (3-PGA), hence the origin 
of the C3 plant photosynthesis cycle[15].  
Figure 3: C3 Photosynthesis Cycle in the chloroplast[15] 
 
 
Cotton as a C3 plant 
As cotton belongs to the C3 plant family, its δ13C values range from about -22 to -33 ‰, which 
is the range for C3 plants[16-18]. C3 plants such as cotton thrive in temperate and tropical 
regions of countries where the climatic conditions support its natural growth requirements. 
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Countries of interest would have a long frost-free period (175 - 225 days); have sufficient 
sunshine annually (18 ℃ - 30 ℃ in temperature) and sufficient precipitation[19]. Thus, the 
successful growth of cotton plants in these countries requires the plants to be receiving a 
minimum of 500 mm of water between germination and boll formation[19].  
 
Cotton-producing countries are typically restricted to those within the seasonally dry tropics 
and subtropics where the soil is fertile and well-drained. However, due to the high demand 
for cotton production[20], a vast amount of cotton processed and marketed today is cultivated 
in countries that do not naturally meet the preferred conditions for the growth of cotton[21]. 
During periods of hot and dry weather, the process of irrigation is used to ensure sufficient 
moisture in the soil is available for the implementation of cotton plant growth[22].  
 
Cotton Producing Countries 
Cotton is produced and exported from countries not limited to Australia, China, India, Middle 
East countries and the USA[23]. In the years 2007/2008, China was the leading country in 
terms of cotton production (in 1,000 metric tons) despite India’s cultivated area of cotton 





































































In the year 2017/2018, a survey by Statista.com determined that with regards to cotton 
production, India was the leading country followed by China, USA, Australia and Turkey 



































From the statistics of cotton production alone, it is evident that cotton continues to play a vital 
role in the lives of people living in cotton-producing countries. Cotton not only helps with 
increasing economic growth in developing countries, meeting the needs of cotton consumers 
in developed countries in North America and Europe[25]; but it is also vital for the survival of 
many low-income families and people living below poverty[1]. Cotton is the most sustainable 
natural polymer in the world[23]. Commercially grown species of cotton mentioned above yield 
the desired quality that makes most of the world’s most comfortable and soft textiles.  
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Cotton pesticide usage in cotton fields 
With the demand for cotton production rising since the 1980s (doubling in 30 years)[25], the 
concern about the health and well-being of those working in the cotton fields rises with 
pesticide usage in the cotton field. Pesticides are utilized to prevent damage caused by pests 
such as cotton bollworm, plant bugs, stink bugs, aphids, thrips and spider mites[26] to the 
cotton thus, maximizing the yield of quality cotton fibres. Cotton accounts for 16 % of global 
insecticide releases[25], more than any other single crop. Cotton alone is responsible for the 
release of 2 billion US dollars’ worth of chemical pesticides annually[25]. At least 819 million 
US dollars’ worth of the chemical pesticides released annually are considered toxic enough 
to be classified as hazardous according to the World Health Organisation chemical 
classification classes[25]. Close to 1 kg of hazardous pesticides is applied per hectare of cotton 
as reported by the EJF in collaboration with PAN, UK[25]. Aldicarb (C7H14N2O2S) is the most 
commonly used pesticide applied to cotton grown in 26 different countries around the world. 
Almost 1 million kilograms of Aldicarb was applied to cotton grown in the USA in 2003. A drop 
of this pesticide absorbed through the skin can kill an adult human being[25]. 
 
Cotton pesticides threat to humans and the environment 
According to a report prepared for the FAO, UNEP and WHO, between 25 million and 77 
millions of agricultural workers worldwide suffered from acute pesticide poisoning with at least 
1 million requiring hospitalization annually[25]. The acute symptoms and chronic effects of 
long-term pesticide exposure and poisoning are not limited to headaches, vomiting, tremors, 
lack of coordination, difficulty breathing, loss of consciousness, seizures, impaired memory 
and severe depression and confusion[25]. Severe stages of pesticide poisoning lead to death. 
India is home to over a third of the world’s cotton farmers. Cotton in India occupies just 5 % 
of land under crops but accounts for 54 % of all pesticides used annually. Researchers 
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conducted a single 5-month observation period and discovered that 97 cotton farmers 
experienced 323 separate incidents of pesticide-related illnesses[25]. If the statistics for the 
workers in the cotton fields in India alone are worthy of attention, the concern for the rest of 
the workers in developing countries is rising. 99 % of the world’s cotton farmers live and work 
in developing countries according to statistics gathered by the EJF in their study about the 
deadly chemicals in cotton fields[25]. From the statistics above, we would have the following 
expectations (see Figure 4).  
 
 
Figure 4: Expected economic flow cycle in the cotton supply chain 
 
However, this is, sadly, not the case in the cotton production supply chain. The increase in 
cotton demand and workload is significant, and so is the production of cotton to meet the 
requirements of the consumers. According to research undertaken by the FF through a 

















low due to the value of their cotton being low in the market, and the cost of growing the cotton 
is increasing annually with rising challenges to the environment[27].  
 
Even though the majority of cotton products are sold to consumers in developed countries all 
over the world, the income of the countries where much of cotton farmers work and live is not 
enough to supply sufficient care, protective apparatus for the workers, or to implement safety 
awareness in the cotton farms. The high inability to read and write, poor labelling of 
pesticides, inadequate safeguards and chronic poverty all aggravate the damage caused by 
cotton pesticides to low-income communities and especially people living below the poverty 
line[25].  
 
Not only that pesticide usage in the cotton fields are of concern to the lives of those labouring 
in the cotton fields, involved with cotton production and living near and around the cotton 
fields, but it is also a threat to the environment through the contamination to the rivers in 
different cotton-producing countries around the world. Rivers in the USA, India, Pakistan, 
Uzbekistan, Brazil, Australia, Greece and West Africa were found to be contaminated with 
hazardous cotton pesticides[25].  
 
Uzbekistan (the world’s second-largest cotton exporter) had toxic agrochemicals first applied 
to cotton 50 years ago, according to the findings of EJF in collaboration with PAN, UK[25]. 
Though this study was conducted five decades ago, the pollution to the country’s air, food 
and drinking water are prevalent now. Even though these chemicals were not environmentally 
friendly and proven fatal to human health, Uzbekistan’s autocracy still permitted the use of 
cotton pesticides so toxic that they were banned under the former Soviet Union[25].  
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The contamination issue with respect to cotton production is not limited to Uzbekistan; 
researchers tested rainwater in Brazil (the world’s 4th largest consumer of agrochemicals) for 
the presence of pesticides  and results came back reporting 19 different chemicals in total 
were identified in the rainwater of which 12 were applied to cotton within the study area[25]. 
 
 
Chapter 1: Raw Cotton Past and Present Work 
Current State of Known Cotton Problems 
As the market demand for cotton production rise, companies from different countries compete 
for customers and profits. Price differentials have resulted in fraud being committed, work 
safety regulations being ignored which cost lives and encouragement of child labour to be 
the solution for meeting the cotton production demands [28],[27], [29], [1]. 
 
Cotton production fraud and the economy 
In 2008, the USA was responsible for 43 % of textile and clothing-related imports of cotton 
(~US$11 billion). However, only 5 % of the total imports were accounted for due to falsified 
cotton commodity import documentation[2]. As a result, the USA Ports lost over US$10.5 
billion. Eight years later, one of the largest cotton product manufacturers, Welspun, was found 
to have used cheap substitutes for high-quality cotton. Welspun subsequently suffered a 42 
% drop in stock prices and was faced with lawsuits[30]. When Welspun was faced with its 
biggest business crisis following mislabeling of origin of fibre in certain cotton consignments, 
the company was on a search for a fibre tracking technology that enables the verification of 
the origin of cotton at each stage of its manufacturing to ensure the final product was 
authentic. 
 29 
Cotton industry fraud and ethics 
The economic considerations are not the only concern of this project. Ethics also contributes 
massively to the rationale of this project. The ethics side of this study is what inspired this 
curiosity. WVAA reported its most recent findings on the matters of forced and child labour in 
the cotton industry[1].  
 
Many countries involved in the cotton production industry utilize forced and child labour to 
ensure that cultivation, harvest and processing of cotton meet its deadlines. For some 
children, this is at the expense of their education[1]. Of all the countries where cotton used for 
this project are sourced from, 12 countries have been identified for using forced or child 
labour as means of cultivating, harvesting and processing cotton in accordance to the U.S 
Department of Labor Bureau of International Labor Affairs Data for goods produced by child 
labour or forced labour (see Table. 3)[31]. To help mitigate this problem, cotton consumers 
and high-end markets are attempting to cut ties with countries that are producing cotton with 







Table 3: Cotton producing countries indicating countries reported as using forced or child 
labour in cotton fields and processing adapted from U.S Department of Labor Bureau of 
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However, through falsified documentation of cotton imports from countries who adopt forced 
and child labour, we can be blinded from fraud and seem very ignorant of child labour crimes. 
There is need for an independent means of verification of the origin of cotton, so we can as 
a world, in general, work together for the common good of all.  
 
Environmental Security and Social Equity in the Cotton Industry 
The concerns of this project are extended to environmental security and social equity in the 
cotton industry. The cotton industry produces around 34 million tonnes of cottonseed every 
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year. This cottonseed is used as animal feed or made into vegetable cooking oil in the form 
of cottonseed oil, which accounts for approximately 8 % of the world’s vegetable oil 
consumption[25]. The WHO is also concerned that pesticides used in the cotton show potential 
to contaminate both refined cottonseed oil and cottonseed used to feed animals. In addition 
to this, a study carried out by researchers at the Technical University of Lódz Poland in 2004 
determined that hazardous pesticides applied during cotton production can also be detected 
in cotton clothing[25].  
 
Moreover, the collapse of the Rana Plaza in Bangladesh shook the cotton industry. Safety 
was of concern here as the workers were forced to enter the unsafe building to carry out their 
daily routine on producing cotton textiles for the rest of the world’s consumption. This incident 
forced brands and retailers to act. Thus, resulted in western buyers threatening to cut off 
working relations with the factories in Bangladesh to push the owners and the Bangladesh 
government to act and carry out ethical compliance audits to ensure worker’s welfare, health 
and safety[32]. To ensure that the factory owners follow through with their promise of making 
sure that the safety of its workers is made a priority, stable isotope can confirm the origin of 
the cotton and its production. Hence, a monthly inspection of the workplace can then be 
undertaken to ensure it upholds and maintain a high standard of safety for the employees. 
Moreover, the purchasing decision made by consumers has the ability to directly impact 
producers to change their methods and thereby improve both environmental security and 
social equity[25].  
 
Utilizing stable isotope ratios for the authentication of cotton is vital not only for legal fiscal 
and trade controls but for overcoming injustice in the lives of children, their families, 
surrounding society who are forced to labour in the cotton fields. Moreover, the 
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implementation of safe working environments in cotton garment-producing countries is 
enforced.   
 
Chapter 1 : Raw Cotton Past and Present Work 
Past Raw Cotton Work  
The use of stable isotopes has spread its importance from the identification of human remains 
which help solve forensic investigations, to now inferring origins of wildlife, food and 
people[33]. Over the years, stable isotope analysis has helped maintain the integrity and 
reputation of countries around the world supporting their promise of being high-quality 
manufacturers[34, 35].  
 
Only two reports have been found in the literature to have published research on 
unprocessed and undyed raw cotton samples [2],[36]. These studies have proven that 
geological provenance using stable isotope analysis is viable. This project aims to follow the 
path of these previous findings to simultaneously contribute to the current knowledge and 
ongoing research curiosities in the field. 
 
Work presented by N. Daéid et al. 2011 demonstrated that it was (in principle) indeed 
possible to determine the geographic origin of different spun cotton yarn based on their 
distinctive, stable isotope signatures. This was the very first time research explored the 
potential for IRMS as an additional tool for cotton fibre analysis attempting to show more 
information that supports the distinctions between raw cotton samples originating from 
different countries around the world[36]. The study showed a clear distinction between 
samples from the different countries studied (see Figure 5).  
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Figure 5: PCA analysis of hydrogen and oxygen isotopic data showcasing the grouping of 
samples by origin adapted from N. Daéid et al. 2011. Note: Symbols for the origin are 





















Table 4: Results determined from the four different countries of which the cotton utilized for 
this research was sourced from. Note that each sample had 5 replicates adapted from N. 
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However, because this work based its conclusions on a small number of sample batches 
(N=7) from only four different countries (see.Table 4) it was not a good representative of the 
geographic region variability. Realistically this made it hard to assess the levels of 
discrimination. Hence, the authors concluded that meaningful forensic conclusions could not 
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be drawn from the data determined by the cotton fibres in this short study. Furthermore, a 
suggestion for future improvement to this study was to collect and analyze a much larger 
sample set of yarn or cloth made from cotton grown in the countries explored in this research 
to obtain a sturdy statistical evaluation of the natural range and variance[36]. 
 
An improvement from the previous study of the stable isotope ratios of raw cotton came to 
light three years later by W. Meier-Augenstein and colleagues. Meier-Augenstein and 
colleagues (2014) followed a similar path as the work presented by N. Daéid et al. (2011) but 
slightly improved from the previous findings with regards to the number of samples the study 
used. Meier-Augenstein et al. carried out their research on unprocessed cotton. A total of 32 
samples were explored. Seventeen of which were cotton samples retrieved from within the 
US and 15 cotton samples were sourced from countries other than the US (see Table 5)[2]. 
 
Although the variation in the overall sample composition was suggested by Meier-Augenstein 
et al. 2014 to be indicative of real-world unprocessed cotton[2], the sample size was still small. 
The results seemed promising, as determined in the following plot (see Figure 6), which 
showed a clear separation between the US cotton samples and samples from other countries. 
However, there was evidence of mis-groupings of cotton samples originating from Texas with 
samples from Tanzania and Zimbabwe (see Figure 7). The authors concluded that further 
studies are required to examine whether the results presented in their study can be 
improved[2]. Thus, increasing the sample sets and running analysis on the samples and 
comparing the results with the results determined in this study. If no improvement is found or 
even a worsening of results of mis-groupings and variations within a sample set when the 
comparison is made, it will then indicate that reliable discrimination of cotton considering the 
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geographic origin requires additional independent variables such as trace element 
abundance values [37],[38]. 
 
 Table 5: Provenance of cotton samples and their stable isotopic composition given as 
delta values in ‰ adapted from W Meier-Augenstein et al. 2014[2]. 
 
Country of Origin                  d2HVSMOW                      d18OVSMOW                      d13CVPDB 
1.  
2. Florence, SC, USA -17.2 29.10 -25.34 
3. Las Cruces, NM, USA -36.6 30.19 -24.49 
4. Lubbock, TX, USA -13.0 31.51 -23.96 
5. Jay, FL, USA -24.7 26.25 -27.33 
6. Yorkville, TN, USA -12.9 29.30 -25.03 
7. Nashville, GA, USA -22.4 27.26 -27.20 
8. Leachville, AR, USA -20.3 26.74 -26.55 
9. Theodore, AL, USA -19.3 26.90 -26.93 
10. Glendora, MS, USA -19.8 28.39 -26.07 
11. Whitakers, NC, USA -16.4 28.16 -25.92 
12. Dunn, NC, USA -29.1 26.98 -26.97 
13. Fairfield, NC, USA -17.5 26.35 -27.38 
14. Garysburg, NC, USA -20.1 27.62 -27.00 
15. Elm City, NC, USA -18.9 27.92 -25.43 
16. Ayden, NC, USA -20.5 28.52 -25.61 
17. North Carolina,USA -25.4 26.64 -26.35 
18. North Carolina,USA -15.5 26.82 -26.69 
19. Mexicali, Mexico -57.0 24.37 -28.32 
20. Chihuahua, Mexico -45.8 27.21 -26.96 
21. Chihuahua, Mexico -46.2 25.04 -26.91 
22. Mexicali, Mexico -59.9 24.62 -27.77 
23. Pakistan -41.1 24.15 -26.63 
24. Pakistan -33.7 25.64 -27.41 
25. Tanzania -8.9 32.39 -25.26 
26. Tanzania -9.4 32.35 -24.55 
27. India -26.7 27.90 -26.24 
28. India -17.5 32.16 -26.23 
29. Brazil -41.7 22.93 -26.21 
30. Brazil -38.2 23.82 -27.62 
31. Senegal -33.3 26.32 -27.65 
32. Zimbabwe -13.5 32.32 -24.25 
33. Guadalupe -30.4 25.43 -26.74 
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Figure 6: Plot of 𝜹18O values against the true 𝜹 2H values of cotton samples from the US and 
from seven different countries worldwide. The dashed line represents the linear regression 
line (𝜹 2Hcotton = 3.69; 𝜹 18Ocotton -128.39) that had a coefficient of determination R2 of 0.516. 
Error bars are ± 1𝝈[2]. 
 
 
Figure 7: Hierarchical cluster analysis (HCA) showing the groupings of the trivariate stable 
isotope signatures (C, H and O) of US and non-US cotton samples with the numbers on the 
x-axis denoting the rate of similarity between the samples (1 = 100% similar)[2]. 
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Chapter 1 : Raw Cotton Past and Present Work 
Proposed Contributions 
This study strives to contribute as much information as possible to the current field. The 
present stable isotope analysis study will determine unique characteristics that are consistent 
with that of the place from which the samples originated.  
Proposed outcomes of this study include the following: 
Ø Add valuable results to the current research in cotton  
Ø Prevent fraud from being committed 
Ø Protect brands 
Ø Bring cotton workers justice  
Ø Improve the working conditions for the workers  
Ø Enforce safe working regulations and risk management[34] 
Overall, use the stable isotope analysis to make the cotton industry a safe and better 
environment to work one cotton sample at a time. 
 
 : Raw Cotton Past and Present Work 
Aim of the study 
This study aims to apply measurements of H, O and C isotope composition of raw cotton for 
verification of its origin. Also, examine whether the different manufacturing processes affect 
the H, O and C isotopic ratio values of processed cotton. 
 
The hypothesis for the first half of this study is that hydrogen, oxygen and carbon isotopic 
ratios of cotton samples permit a fingerprint of its geographic origin. The determined results 
will then be reported to a standard fit for database comparison. Furthermore, using 
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multivariate statistics as a means of demonstrating and modeling the correlation between the 
variations and geographical regions where the cotton samples originate from for the raw 
cotton. Hence, justify what environmental drivers may be affecting what we see in terms of 
the results determined for the raw cotton samples.  
 
The challenge after carrying out the first half of the study is that there is an underlying 
ambiguity and a question still unanswered of whether the processed cotton produced by the 
cotton industry is still reflective of the cotton’s place of origin after it has been exposed to 
different processing and manufacturing techniques. This is the phenomenon that ties the two 
halves of this research together.  
 
Thus, a null hypothesis for the second half of this study was proposed that different 
manufacturing processes do not alter the isotopic ratio values of processed cotton. Hence, 
the processed cotton that the cotton industry produces can be traced back to its origin 
because the different processing techniques the cotton undergoes does not affect the stable 
isotope ratios that identify its place of origin.  
 
Furthermore, statistical methods will also be employed to help explain the trend that we see 
in the results section for the raw cotton samples discussed further below and demonstrate 
and model the 240-processed cotton grouped together to confirm that the different 






Chapter 2: H, O and C Stable Isotopes of Cotton 
 
Figure 8: The selected objective showcases what first part of Chapter 2 will be exploring to 
help achieve the aim of this research project[4-7]. 
 
Introduction 
Characteristics of Isotopes 
To be able to understand the concepts of isotopic ratio analysis, we first must recap on the 
basics taught during high school Chemistry classes. Thus, we begin with the exploration of 
the known characteristics of the elements of interest for this project and the meaning of 
isotopes. Isotopes are atoms of one element that differ in the number of neutrons present in 
their nuclei, i.e. they have the same atomic number but different mass numbers[39]. In 
chemistry, there are two types of isotopes. Isotopes are classified as either stable or unstable. 
Stable isotopes may undergo radioactive decay; however, the probability of this decay is 
negligible, i.e. they have exceedingly long half-lives. Unstable isotopes are radioactive 
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species which undergo a spontaneous nuclear reaction and may be characterized by 
radiation of alpha, beta or gamma emission. There are many observations made my different 
scientists that can help determine or characterize the stability of an isotope. Amongst the 
many observations is one known as the Belt of Stability or the Symmetry Rule[40] and another 
as the Oddo-Harkins Rule[41]. The first observation states that nuclides with an atomic number 
lower than 20 are the most stable with a neutron to proton ratio of 1.0. The maximum N/Z 
ratio was set by this observation to be 1.5. However, this observation cannot be applied to all 
the elements on the periodic table. Some of the elements either fall within this ratio range or 
below the ratio range are known to be unstable such as Beryllium (N/Z ratio = 1.25) and 
Helium (N/Z ratio = 0.5) respectively. The Oddo-Harkins observation states that nuclides with 
even number of protons are more abundant than those with odd numbers (see Table 6).  
Hydrogen is a chemical element with an atomic number 1. Its atomic weight is 1.008. It is the 
lightest element found on the periodic table, and its monatomic form (H) is the most abundant 
chemical substance found in the Universe. It has two stable isotopes; 1H or 2H (see Table 6). 
Oxygen has an atomic number 8. Its atomic weight is 15.999. It is a highly reactive non-metal 
and an oxidizing agent that can readily form oxides with most elements. By its mass, it is the 
third most abundant element found in the Universe following behind Hydrogen and Helium. 
It has three stable isotopes; 16O, 17O and 18O (see Table 6). Carbon has an atomic number 
6. Its atomic weight is 12.0. It is also non-metallic. It has two isotopes that occur naturally; 
12C and 13C. The commonly known 14C is a radionuclide. Because of the irrelevance of the 
































































H, O, and C are three amongst four elements that are most widely explored in terms of their 
stable isotope ratios 2H/1H, 18O/16O, 13C/13C being analyzed for many different purposes[43]. 
The work in this thesis is founded on the principles that the ratios of stable isotopes exhibit 
robust geographical patterns due to environmental factors. These patterns are expressed in 
natural products such as cotton and can be harnessed to infer the origin of the product. 
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Chapter 2: H, O and C Stable Isotopes of Cotton 
Stable Isotope and the Cotton Cellulose 
Hydrogen and Oxygen Stable Isotope in Cotton Cellulose 
There is a significant variation of the isotopic values of water among terrestrial biomes and 
across continents[23]. Because species utilize the available water sources, the isotope 
patterns are reflected in their organic compounds. Hydrogen isotope measurements on 
organic material are made difficult by the presence of acidic H that can exchange with H from 
ambient water (see Figure 9)[23, 35]. 
 
Figure 9: A cellulose sheet matrix which consists of three cellulose chains held together by 
H bonds[23]. 
 
The correlation and characteristic spatial patterns of hydrogen and oxygen isotopic 
compositions in precipitation were established in the 1950s [44-46]. Since then, the number of 
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studies done using stable isotopes of hydrogen, oxygen and carbon to trace the water flow 
[47-49] (see Figure 10[2, 7, 16-18, 50]) has increased. 
 
 
Figure 10: The isotopic ratios of the water flow from precipitation through to root uptake 
is reflected in the cotton cellulose when H and O are analyzed [2, 16-18, 50]. 
 
 
The isotopic patterns that can be deduced from rainfall are passed up through the food chain 
(depending on what the natural product is) providing useful region-of-origin information[51] 
thus, determining the distinct correlation between precipitation and geographical locations - 
this was made possible through the findings of Harmon Craig.  
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Global Meteoric Water Line 
Harmon Craig was the first geochemist to report the exceptional consistency in the isotopic 
composition of precipitation in the year 1961. This was determined from a plot of δ2H and 
δ18O data of meteoric waters collected from around the world. The relationship deduced from 
the plot was found to be strongly linear[52]. Thus, the introduction of the Global Meteoric Water 
Line (GMWL) described below (see Equation 1) and Figure 11[45]. 
 
Equation 1 
𝜹 2H = 8* 𝜹 18O + 10 
  
The y-intercept value of 10 is the deuterium excess. The y-intercept value is utilized to 
surmise humidity of the vapour source. For example; under low humidity conditions, most of 
the moisture containing a higher proportion of the lighter isotope of H will be transferred to 
the atmosphere and thereby increase the deuterium excess[45].  
 
Figure 11: Harmon Craig’s GMWL. Deuterium and oxygen-18 variations in rivers, lakes, rain, 
and snow, expressed/millage enrichments relative to SMOW. Points which fit the dashed line 
at upper-end curve are rivers and lakes from East Africa[45]. 
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To understand the process that enables geographical origin to be inferred from the analysis 
of the isotope ratios in the cotton, the changes that the isotopes found in the cotton cellulose 
undergo needs to be addressed. The heavy and light isotopes of 2H/1H, 18O/16O and 13C/12C 
at some point undergo segregation; this process is known as isotope fractionation[53].  
 
Isotope Fractionation 
Isotope Fractionation can occur during chemical, physical and biological processes[53] 
according to two effects known as the kinetic effect and equilibrium effect. 
 
Kinetic Isotope Effect 
The separation of the isotopes occurs due to the kinetic isotope effect[54] and isotopic 
exchange reactions[42]. The effects are associated with non-equilibrium reactions. These are 
usually uni-directional reactions, or maybe reversible where the product is rapidly consumed 
in a further reaction. The fractionation is dependent on the dissociation energies of 
molecules[55, 56]. The lighter and heavier isotopologues (molecules that differ only in their 
isotopic composition) have different dissociation energies. In the rate-determining step of a 
chemical reaction which requires the breaking of a bond, the bonds of molecules which 
contain the lightest isotope will be the easiest to break. Thus, the lighter isotopes will be 
incorporated in the products of incomplete reactions, whereas the heavy isotopes will be 
enriched in the unreacted residue (see Figure 9)[56, 57]. An example of this phenomenon takes 
place in the photosynthesis process of a cotton plant. 
 
In a cotton plant, the C isotopic composition is determined primarily by the C3 photosynthetic 
pathway[15] it undergoes, which is also reflected in the cellulose when C stable isotopes are 
analyzed.  
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In photosynthesis, the CO2 containing the 12C isotope is preferentially selected for in the 
carbon isotope fixation from the atmosphere[42]. The CO2 from the atmosphere is transported 
through the boundary layer (epidermis) and the stomata into the internal gas space. This 
process is always to some extent reversible[58] and is illustrated in Figure 12 below. This CO2 
in the internal gas space then dissolves in the cell sap and diffuses to the chloroplast in the 
mesophyll. Thus, the carboxylation step is irreversible[59]. 
 
Figure 12: Steps involved in the CO2 fixation during the C3 Photosynthesis. This was adapted 
from O’Leary, Marion H (1988)[59]. 
 
Thus, the carbon in the plants has a lower ratio of 13C/12C than the atmosphere because the 
processes involved in the CO2 uptake discriminated against 13C. This is because 13C is 
heavier than 12C and the heavier isotope forms slightly stronger bonds, hence react slower 
where bond-breaking is involved in the rate-limiting step. Moreover, the diffusion of 13CO2 is 
slower than that of 12CO2 due to the difference in mass[59].The resultant compounds with the 
depleted isotopes will pass along from plants to herbivores with successive fractionation[3]. 
Further, more subtle differences in carbon isotope ratio values are induced by environmental 
factors such as water stress[60, 61]. 
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Figure 13: Influence of the zero-point energy on the dissociation of 1H and 2D fragments. E0H 
represents the dissociation energy of the molecules containing lighter isotopes and  E0H  
represents the heavier isotopes; adapted from Stößer, Reinhard Herrmann, Werner (2013)[56]. 
 
Equilibrium Isotope Effect 
This effect occurs between two different phases containing common compounds and 
elements. Though there is no net reaction, the isotopic distribution changes between different 
phases or molecules ([62], [42]). This is represented in Equation 2: 
 
Equation 2 
𝑎𝐴L +𝑏𝐵H ⇌ 𝑎𝐴H +𝑏𝐵L 
 
The subscripts denote species A and B that contains either the heavy (H) or light (L) isotopes. 
The magnitude of the equilibration fractionation is dependent upon the difference in relative 
masses of isotopes of the element[53].The larger the relative difference in mass, the larger the 
equilibrium fractionation. Thus, the fractionation effect for the deuterium/hydrogen system is 
much greater than for O18/O16. 
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Isotope Fractionation factor (𝜶) 
This factor represents the partitioning of isotope ratio between two different parts of a system 
ideally between reactants and products during a given isotopic exchange reaction (see 
Equation 3)[62]. 
Equation 3  
𝜶X – Y = 𝑹𝑿𝑹𝒀 
 
The R denotes the ratio of heavy to light isotope, X and Y represent the two different parts of 
the system (reactant and product, respectively). An 𝛼 value greater than 1 means that X 
becomes enriched with the heavier isotope (i.e. 2H) over Y during the course of the reaction.  
 
Some authors have used the symbols; ∆, 𝜀 and 103ln 𝛼 to express the isotopic fractionation 
factors. The equation below describes the relationship between the symbols above and 𝛿 
values.  
Equation 4  
∆X – Y = 𝜹X – 𝜹Y ≈ 103ln	𝜶X – Y 
 
Where ∆ is the isotopic difference. Furthermore, this then links the isotopic enrichment 𝜀 with 
the isotopic fractionation factor 𝛼 (see. Equation 5) 
 
Equation 5  
𝜺 = 𝜶 – 1 
 
Isotopic Patterns in the Environment 
To fully make sense of the values deduced from the measurement of the H and O isotopic 
ratio values of cotton, the relationship between meteoric waters and stable isotopes must be 
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understood. The meteoric waters exist due to the ongoing cycle of the water that flows on, 
above and below the Earth’s surface. The atmospheric precipitation forms through the 
evaporation and condensation of the oceanic water. As the air masses rise and move away 
from the oceanic water source, its temperature drops. When the supersaturation temperature 
is met, condensation occurs, and precipitation soon follows, and the whole process repeats 
creating the water cycle in Figure 14[63]. 
 
Figure 14: The water cycle connecting the ocean, land and atmosphere[63]. 
 
Water exists predominantly as water vapour in air masses. This is mainly formed at equatorial 
latitudes. Approximately 90 % of water vapour derived from the ocean precipitates directly 
back to the ocean. The remaining 10 % is carried by the wind across continents 
simultaneously collecting additional water vapour from terrestrial sources. The transported 
water vapour not only aids with the regulation of heat on the Earth but also provides the water 
required by the plants and animals to sustain life[42] [63]. 
 
The evaporation process in the water cycle is kinetically controlled. The mass transport from 
the air-sea interface by wind causes the system to be at equilibrium[64] rarely. The 
 51 
condensation process of the water vapour in the clouds does result in isotopic equilibrium as 
there is an intimate mixture of liquid and vapour[64], [62], [42]. Having said that, using fractionation 
in a closed system to explain the isotopic composition of precipitation in this study is 
inappropriate since fractionation in the water cycle occurs in an open system process that 
can be described by Rayleigh distillation or Rayleigh fractionation[65].  
 
Rayleigh Fractionation 
This fractionation speaks of a continuous change in the isotopic composition of the initial 
compound (reactant) and the product of the reaction in an open system. It is an exponential 
enrichment of the reactant (residual compound) and an isotopically depleted product relative 
to the reactant[65]. Thus, water derived from precipitation are more depleted in 2H and 18O 
relative to source water and vapour[66]. Therefore, the 𝛿 value of the remaining vapour 
becomes lighter with increasing precipitation cycles, as described in Equation 6.  
 
Equation 6 
 𝑹 = 𝑹𝟎𝒇(𝒂%𝟏) 
 
The R denotes the isotope ratio of remaining reactant whereas 𝑅( represents the initial 
isotope ratio of the reactant reservoir. Moreover, 𝑓 is the fraction of reservoir remaining and 
𝑎 is the equilibrium fractionation factor. As 𝑎 is an expression of the equilibrium constant it 
will vary with temperature. The relationship of this equation to the 𝛿 values is determined by 
Equation 7 and presented in Figure 15[52]. 
 
Equation 7 




Figure 15: Fractionation of isotope ratios during Rayleigh and equilibrium condensation. 𝜹 
values is the per mil difference between the isotopic composition of original vapour and the 
isotopic composition as a function of 𝒇, the fraction of vapour remaining[52]. 
 
The fractionation processes discussed above along with other contributing factors such as 
Latitude effect, Continental effect, Altitude effect, Amount effect and Seasonal effect causes 
the variation in the isotopic composition of global precipitation and the water cycle which is 
exploited in Isoscapes such as follow (see Figure 17 and Figure 18) [67] [68].  
 
Latitude effect 
This effect causes the 𝛿2H of precipitation to decrease with increasing latitude. This is 
because the temperature decreases with latitude and the degree of rainout from air masses 
increases. The thing to note here is that this relationship is not linear. Hence, other 
contributing factors, such as topographic and local meteorological conditions also contribute 
to the rainout[69]. 
 
Continental effect 
This effect causes the 𝛿2H of precipitation to become lighter as the parent air masses move 
away from the region of the source and across continents. The Rayleigh fractionation[65] 
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mentioned above describes this effect as it is primarily related to the fraction of vapour 
remaining. The continental effect is dependent on the seasonal variation in temperature. 
Hence, the continental effect is stronger during colder months and in inner regions. Inner 
regions during colder months receive isotopically depleted precipitation with strong seasonal 
effects. During the summertime in the warmer coastal regions, the effect is weaker, and the 
precipitation is more intense. Thus, the precipitation received in these areas is isotopically 
enriched with less seasonal difference[69, 70]. 
 
Altitude effect 
This effect causes the isotopic composition of precipitation to be more depleted with 
increasing altitude. This is because the temperature is colder at the higher altitude and the 
air masses are continuously decompressed and cooled adiabatically causing the rainout to 
increase. This effect is dependent on both the evolution of parent air masses and the 
temperature of condensation. Thus, it cannot be separated from the continental effect[69-71]. 
 
Amount effect 
This effect shows that water collected during larger rainstorms is predominantly more 
depleted than water collected during small rainstorms. This identifies an inversely 
proportional relationship between the 𝛿2H of precipitation and the amount of precipitation[71]. 
Generally, as humidity increases, the effect weakens as a result. This is because the increase 
in humidity also increases the probability of re-equilibration between falling droplets and 




This effect influences all the other effects discussed previously due to the temperature 
changes during the change of season. This effect causes the isotopic composition of 
precipitation to be more negative in winter and more positive during summer. Because of this, 
the continental effect is stronger in winter than during summer, along with the amount of rain 
changing between seasons[69, 70]. The environmental factors such as altitude and temperature 
changes discussed above contribute to the atmospheric CO2 uptake rate which has been 
proven to be very important for the purpose of differentiating from within the C3 cotton plants 
in this research based on the 13C content[72]. However, the differences are not as significant 
as the 𝛿2H and 𝛿18O climate variations. Therefore, it is expected that the differences in the 
𝛿13C between cotton samples may not depict the true variation between the geographic 
regions[23]. 
 
Figure 16: The estimated 𝜹18O‰ vs. the mean annual temperature[68]. 
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Figure 17: Annual estimated 𝜹18O based on temperature[68]. 
 
   
 
Figure 18: Annual variation in Global Water (precipitation) H isotopes[67]. 
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These process help to explain the production of isotope ratio values reflective of the origin of 
the cotton [73, 74]. 
 
Delta Notation of Isotope Abundances 
Albeit there will be variation in hydrogen, oxygen and carbon isotope absolute abundances, 
the values will be very small[53]. Therefore absolute isotopic abundances are not as 
convenient as the ratios in the isotopic abundances of 2H/1H, 18O/16O  and 13C/12C in the 
cellulose sheet[2] and international standard[75]. This is known as the 𝛿 value expressed in per 








Where the 𝛿 value of chemical element E in a sample is deduced from the Rsample (measured 
abundance ratio of heavy and light isotopes i.e. 2H/1H for the sample) divided by the 
measured isotope ratio for the corresponding international reference material Rstandard minus 
1). 
Table 7 below summarizes the international standards for the common stable isotope 
analyses. This means that a positive 𝛿 value means that the ratio of the heavy to light isotope 
is higher in the sample than it is in the international standards[69, 76]. For example, a sample 
with a 𝛿2H value of 25 ‰ means that the sample has a 2H/1H ratio that is 25 per mil (parts 
per thousand) higher than that of the international standard. Moreover, a negative 𝛿 value 
means that the ratio of the heavy to light isotope is lower in the sample than it is in the 
international standards[69, 76]. For example, a sample with a 𝛿2H value of -25 ‰ means that 
the sample has a 2H/1H ratio that is 25 per mil lower than that of the international standard. 
 57 
Table 7: Information on the stable isotope international standards that define the scales for 



























































Standard conversion (drift correction) and normalisation 
Due to the importance of data comparison between laboratories all over the world, every 
sample isotope ratio measured relative to an international standard must be able to be 
compared with other laboratories worldwide. Every laboratory which uses the analysis of 
stable isotope ratios for analytical forensic means must follow similar steps to achieve similar 
results.  
 
Firstly, the measured isotope ratio of a sample is compared with a monitoring gas to deduce 
a raw isotope ratio value. Depending on the element measured, the corresponding gas is 
used. For example, for the measurements of the hydrogen isotopic ratios, the H2 gas is used. 
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The measurements of the international standards’ isotopic ratios along with samples, allow 
normalisation to an international scale.  
 
The international standards in Table 7 are prepared and distributed by IAEA, the NIST and 
the USGS with the following expectations;[57, 77] 
- Be homogenous in composition 
- Be available in large amounts 
- Be easy to handle for chemical preparation and isotopic measurement 
- Have an isotope ratio near the middle of the natural range of variation 
In a perfect world, all laboratories would live up to the expectations made above and meet all 
the criteria required; however, the reality is not all laboratories use a single universal 
standard. Thus, it is very important to convert the 𝛿 value of a sample from one standard 
scale to another using the following Equation 9[77, 78].  
 
Equation 9 




The T represents the true value versus one of the international scales and M represents the 
measured raw value versus the working gas. The mg expresses the monitoring gas injected 
to each sample. The thing to note here is that monitoring gases are not always consistent. 
Fractionation may occur as the pressure changes in the cylinder or the surrounding 
temperature changes leading to the generation of uncertainties from time to time[77].  
The raw data retrieved from the DeltaV isotope ratio mass spectrometer (TC/EA) were the 
raw delta values versus the monitoring gas pulse that was injected with each sample. The 
raw data underwent the conversion calculation described in Equation 9 using a software 
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package Isodate NT 2.0 by Thermo Finnigan, Thermo Electron, Bremen, Germany) that 
accompanies the isotope ratio mass spectrometer[78]. This calculation may result in a 
contraction or expansion in scale, and the degree of the contraction or expansion is related 
to the magnitude of difference in 𝛿 between the measured sample and the monitoring gas 
used in Equation 9 above[69].  
 
Drift correction accounts for small changes in instrument response that may occur during the 
course of the analytical run. These changes are monitored by measuring control samples 
periodically (every 12th and 13th position). A linear regression line is calculated for the control 
sample results, and a correction applied if required. The correction was only applied if it 
improved the standard deviation. Moreover, to enable comparison between the laboratory 
where these samples were analysed and other laboratories in other parts of the world that 
carries out these type of analysis, two or more standards with different isotopic compositions 
are used for two or more point linear normalisation using ANOVA to correct for the possible 
errors that are caused by the sample preparation step and an isotope ratio mass 
spectrometer.  
 
Thus, reporting the 𝛿2H, %H, 𝛿18O and %O of the samples in the run as well as the QC and 
DC results. Ideally, the standards used for the normalisation should be as different as 
possible, considering their 𝛿 values. This is to allow the normalisation to cover a wide range 
of values simultaneously maintaining value ranges of natural variation. This research used 
two standards with different isotopic composition for two-point linear normalisation which was 
based on a regression line on two anchor points. The slope and intercept of the line are used 
for recalculation of raw data (see Figure 19).  
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Figure 19: The Concept of a two point normalisation 
 
The linear regression equation y = mx + c displayed in Figure 19 is used for the normalisation 
of measured 𝛿 through using the following Equation 10 below  
 
Equation 10 
𝜹𝒔𝒂𝒎𝒑𝒍𝒆𝑻 = 	𝒎	 ×	𝜹𝒔𝒂𝒎𝒑𝒍𝒆𝑴 + 𝒄 
 
 



























Measured 𝛿M value (VSMOW ‰ ) 
y = mx + c
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Chapter 2: H, O and C Stable Isotopes of Cotton 
 
Figure 20: The selected objective showcases what the second part of Chapter 2 will be 
exploring to help achieve the aim of this research project[4-7]. 
 
Description of samples and origin 
Raw Cotton 
Four hundred ninety-three raw cotton fibre sub-samples of known provenance were obtained 
from Oritain summarized by the table below. More than 1000 raw cotton samples from the 
main cotton-growing regions have been collected by Oritain were available for sub-sampling. 
These are cotton that has not been exposed to any step in the manufacturing process, also 




Table 8: The number of samples per country that was analyzed for H, O and C stable isotope 
ratios. 
 
Number of Samples Analyzed (H, O and C) 
 












9 Ivory Coast (CIV) 











The number of samples analyzed per country is tabulated in Table 8. A total number of 22 
countries were included in this study. The samples used for this first part of the study were 
selected to explore temporal and spatial variations of the stable isotopes of raw cotton. To 
examine spatial variation within each country, samples from numerous different parts of the 
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countries were selected. For example, for the evaluation of spatial variation in stable isotope 
ratios within the US, one sample from several different states was selected spanning the 
cotton belt Appendix 1: Raw Cotton Information.  
Further evaluation of the spatial heterogeneity of stable isotope ratios in the raw cotton 
samples was achieved by selecting several samples from different counties within the same 
state to analyze. The spread in the variety of samples chosen was selected to determine the 
extent to which regional variation could be detected.  
 
Processed Cotton 
As raw cotton undergoes processing for different purposes, it is then identified as ‘processed 
cotton’. It is exposed to different environments, temperatures and manufacturing steps. Thus, 
analysis of the processed cotton is crucial in ascertaining that its place of origin is reflected 
in the unique qualities it inherits. 240 processed cotton fibre samples originated from the USA 
and supplied by Welspun India Limited, which underwent different processing and 
manufacturing techniques were obtained from Oritain (Appendix 2: Processed Cotton 
Information). The processed cotton samples were divided into 16 groups, with the main weave 
type being either Stripped or Satin (see Table 9). The three different colours were Ash, White 
and Ivory. Note: the Greige and RFD were not dyed. RFD cotton is the cotton that undergoes 
processes such as scouring and bleaching to remove oils, wax, darts and sizing materials 
applied making the cotton ready for dying (RFD)[79]. The Greige cotton is referred to as raw 
cotton. There is no known process done to the Greige cotton[79] other than it being produced 
through a knitting and weaving machine. The process for Wrinkle-free involves the cross-
linking of the cellulose chains so the possibility of water adherence is reduced[80]. The 
Reactive process of cotton involves reactive dyes application[81] whereas the pigment process 
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involves a unique colouration system that does not require post-wash treatment and 
wastewater load is minimized[82].  









Supima  Ash Satin Weave Reactive Welsoft 
Supima Ash Stripe Weave Reactive Welsoft 
Supima Ash Satin Weave Reactive Wrinkle-free 
Supima Ash Stripe Weave Reactive Wrinkle-free 
Supima Ivory Satin Weave Pigment Welsoft 
Supima Ivory Stripe Weave Pigment Welsoft 
Supima Ivory Satin Weave Pigment Wrinkle-free 
Supima Ivory Stripe Weave Pigment Wrinkle-free 
Supima Greige Satin Weave Knitting and Weaving 
Supima Greige Stripe Weave Knitting and Weaving 
Supima RFD  Satin Weave Scouring & Bleaching 
Supima RFD Stripe Weave Scouring & Bleaching 
Supima White Satin Weave Welsoft 
Supima White Stripe Weave Welsoft 
Supima White Satin Weave Wrinkle-free 
Supima White Stripe Weave Wrinkle-free 
 
All the processed cotton used for this part of the study were Supima Cotton. Supima cotton 
is highly-ranked cotton grown only in the USA. Due to its uniqueness, it represents less 
than 1% of cotton grown in the world. It is quite expensive to grow. What makes this cotton 
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type unique to other cotton grown all over the world is its fibre characteristics of being extra-
long-staple, which determines its high-quality strength, softness and colour retention 
abilities[83].  
 
Chapter 2: H, O and C Stable Isotopes of Cotton 
Methods of Sample Preparation for Stable Isotope Analysis 
Raw Cotton 
Because the samples collected by Oritain came in ≥2 g packages, to obtain a representative 
sample mean value and to account for potential sample inhomogeneity, subsamples of ~1 g 
each were taken from different areas of each of the bulk raw cotton samples. Approximately 
0.1 g of each sub-sample was carded using a drum carding machine (Ashford 72 PPSI) (see 
Figure 21) to remove the dust trapped in the cotton samples. Large debris was removed from 
the cotton using metallic tweezers.  
 
 Figure 21: Ashford 72 PPSI used for carding the cotton samples[84]. 
 
The clean carded samples were then placed in plastic bottles prior to the chemical pre-
processing step. The samples (21 samples at a time) were then taken through a chemical 
pre-processing step to remove any of the remaining dirt and extraneous organic material 
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trapped that was not removed during the carding step. The chemical pre-process required a 
solution of 2:1 ratio of chloroform: methanol (see Figure 22) added to each of the samples 
prior to the ultrasonic cleaning step.  
 
Figure 22: Chloroform: Methanol solution used for removal of dirt and extraneous organic 
material from the cotton samples. 
 
The samples were then placed in an ultrasonic cleaner (see Figure 23) for 2 five minute 
intervals, ensuring to stir each sample with a glass rod between intervals. After the ultrasonic 
cleaning process, the excess was then extracted from each of the samples using a plastic 
pipette and disposed of in an inorganic residue waste bottle. The samples were then left in 
the fume-hood to dry over-night. The bottles were covered with a paper towel to prevent 
contamination from dirt from the fume-hood ventilation system. Small extra actions taken 
such as removal of dirt with tweezers and covering of samples with paper towel were taken 




Figure 23: Ultrasonic cleaner machine utilized in this research project for removal of 
inorganic residue from the cotton samples. 
 
Processed Cotton 
The processed cotton samples did not need to be carded or cleaned. However, for the inquiry 
of the second half of this research, some of the samples were taken through the chemical – 
processing step described for the raw cotton above to see if any alteration to the stable 
isotope ratios will be identified after analysis of the samples.  To achieve homogenization in 
the material for both the raw and processed cotton fibres, cotton samples of (0.03 g to 0.07 
g) were milled (Frequency of 30 Hz/s for 3 minutes) to a fine powder (~5 𝜇m) (see Figure 24) 









Figure 25: MM400 ball mill used for milling the cotton samples into fine powder for H, O and 
C stable isotope analysis.  
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Chapter 2: H, O and C Stable Isotopes of Cotton 
Methods of Sample Preparation for H and O 
H and O Stable Isotope Sample Preparation for Analysis 
From each milled powder sample, three replicates of ~0.4 mg sub-samples were weighed 
out into 4 x 3.2 mm lightweight pack silver capsules (Elemtex, UK) for the measurement of 
δ2H and δ18O. The samples were securely closed to prevent loss of samples but not too tight 
that it will prevent equilibration. These samples were then left in the sample trays on the 
benchtop in the lab to equilibrate with the atmosphere for 6-10 days before transfer to the 
autosampler tray and then vacuum dried on the hotplate (50 °C) for 4-6 days prior to analysis.  
 
𝛿2H and 𝛿18O Weighing Sheets 
Each sample tray run started with the measurements of two international standards; USGS 
53 and USGS 47 (see Table 10). These two international standards were used for calibration 
to the international scale (VSMOW-SLAP). Each sample tray run contained quadruplicates 
of two international standard materials (Table 10). The water standards were added to the 
tray immediately prior to analysis, i.e. after the vacuum drying step.  
 
Pairs of IAEA-V9 and CWUG01 were placed after triplicates of every three cotton samples 
throughout the measurement. The pairs of IAEA-V9 and CWUG01 were used as quality 
control materials for the assessment of the laboratory’s analytical work, for the validation of 




Table 10: Reference materials utilized for the 𝜹2H measurement. 
 
Isotopic Reference Materials 
 








-150.2 ± 0.5 ‰ 
 
 
𝛿2H and 𝛿18O Instrument Measurements 
The instrument used for isotope ratio mass spectrometry is different from the typical mass 
spectrometer utilize in undergraduate level chemistry to aid with elucidating the chemical 
structures of molecules and other chemical compounds. The changes in the abundances of 
the heavy and light isotopes are usually very small which is beyond the accuracy limits of the 
typical mass spectrometer described above. The other difference that the IRMS instrument 
holds against the typical mass spectrometer is that it focuses on precision, not the resolution 
of masses. The mode of operation involves tuning to specific masses and collecting multiple 
beams simultaneously to obtain precise measurements of the ratio of the beams, hence ratio 
masses.  
 
There are numerous different IRMS available. However, this research used a continuous flow 
(CF-IRMS) for bulk stable isotope analysis. The stable isotope analysis of 2H/1H and 18O/16O 
was done using a High-Temperature Conversion Elemental Analyser – Isotope Ratio Mass 
Spectrometry (TC/EA – IRMS). The samples are thermally converted to hydrogen and carbon 
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monoxide gas and measured by an isotope ratio mass spectrometer. Hence, the different 
parts correlate with its role in the analysis (see Figure 26).  
 
Figure 26: Diagram showing the main components of an IRMS instrument. The instrument is 
made up of three basic components; an analyzer, ion source and collectors. 
 
The equilibrated and dried samples described above in the sample preparation for the H and 
O stable isotope analysis were loaded into a zero blank autosampler (Costech, USA) straight 
after the 4-6 days drying period. The zero blank autosampler has a sealed carousel. To 
eliminate the atmospheric moisture, the sampler is purged for ~15 minutes prior to the start 
of the analysis. After the purge, the system is then sealed from the atmosphere so that all 
samples have the same history of exposure to the lab atmosphere. The reference gas H2 
(>99.998 %, BOC Ltd.) was introduced for within-chromatogram sample-standard 
comparison[87] and to calculate the raw 𝛿2H data.  
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To maintain consistency in isotopic values, sample treatment protocol which involves the 
equilibration of quality control cotton samples with waters of known isotopic composition must 
be carried out. When undergoing measurements on samples that have the same matrix, the 
Principle of Identical Treatment (PIT) can be applied if the QC materials used for the water 
treatment was also used in the trays of cotton samples. 
 
Two pulses of reference H2 were introduced at the start and after the sample gas had eluted. 
The replicates of each sample were dropped into the glassy carbon-lined ceramic reactor of 
the thermal conversion elemental analyser (Thermo, Bremen) with the temperature 
maintained at 1400 °C. The hydrogen and carbon monoxide gases from this conversion 
(borne in a helium carrier gas stream) were separated out on a 1500 mm x 4 mm I.D. 
homemade packed gas chromatography column packed with molecular sieve, 5A, 100 mesh 
(Grace Scientific, NZ). The separated hydrogen and carbon monoxide gases were measured 
sequentially on a Thermo “DeltaV” IRMS in continuous flow mode. Control samples were 
measured at intervals during sample measurements for data normalisation.  
 
Background Gases of IRMS 
For every run, the following gases were recorded before the samples were run together with 
its corresponding standards explained in the weighing sheet section above. The background 
gases were H2O, CO+N2 and Ar. These gases were reported in mV. For all the tray runs that 
was done, the H2O background gas was <1 V, the CO+N2 background gas was <300 mV 
and the Ar background gas was ~ 100 mV.  
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Reference Gases of IRMS 
The two reference gases were H2 and CO. The instrument was autotuned on each gas at the 
start of the day. The new tuning was saved if the improvement was 100 mV or greater. The 
H2 and CO stability were recorded as the standard deviation of the H2 and CO during the 
stability run of the gases. These were <0.25 and <0.070 respectively.  
 
One of the major concerns for the measurements of the 𝛿2H was the employment of H2 as 
the sample gas. This arises due to the reaction that occurs in the ion source of the mass 
spectrometer of H2 + H2+, which produces H3+ and H radical[87]. Because IRMS are low-
resolution and hence, unable to resolve H3+ and HD+ the determination of H3+ factor was 
required for correcting the 𝛿2H values deduced[88, 89].  
 
The determination of H3+ factor was done through the observation of a series of five pairs of 
reference H2 pulses each of increasing intensity. The signal size of each pair was increased 
by 2 volts to detect the (m/z- 3) and (m/z- 2) ion current ratio over a wide range of pressures 
(the source was completely H2 concentrated). The H3+ factor was determined before every 
run. Its average contribution was ca. 5.5 ppm per nA. Although it was evident that there was 
variation in the H3+ factor value from run to run, the variation was small. Hence it varied by 
no more than 0.2 ppm per nA throughout the measurement period of all the samples included 
in this research.  
 
After carrying out the H3+ factor calculation to deduce the value to record, the stability for H2 
was re-run to ensure that the machine is stable enough to proceed with the running of the 
samples for analysis.  
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Chapter 2: H, O and C Stable Isotopes of Cotton 
Methods of Sample Preparation for C 
C Stable Isotope Sample Preparation for Analysis 
Samples with weights of (~0.8 mg) sub-samples were weighed out into tin capsules for 13C 
analysis. Every eighth sample was duplicated, and all samples were crimped into balls. These 
samples were left in the sample trays inside a closed box filled with silica gel desiccant to 
remove any moisture from the samples.  
 
𝛿13C Weighing Sheets 
Each sample tray run started with the measurements of one in-house standard; EDTA-OAS 
(0.8 mg; Elemental Microanalysis Ltd., UK) and triplicates of two international standards; 
USGS 40 (0.8 mg) and USGS 41 (0.8 mg) as tabulated in Table 11. The latter two international 
reference materials were used to determine isotopic and elemental values for 𝛿13CVPDB, ‰ 
and Carbon %. Two triplicates of IAEA-V9 were weighed to be analyzed in the beginning and 
end of each tray run. Throughout the tray run, pairs of EDTA-OAS were placed after every 
8th sample for the drift correction and quality control.  
 
Moreover, every 8th sample was duplicated. The measured results were normalized to the 
USGS standards used in the tray run. The EDTA-OAS has been measured and calibrated 
against the IAEA standards. Along with the IAEA-V9, these two control materials were utilized 




Table 11: Reference materials utilized for the measurements of 𝜹13C. 
 
Isotopic Reference Materials 
 
Certified 𝜹13C (‰) 
USGS 40 -26.24 ± 0.04 
USGS 41 +37.76 ± 0.05 
EDTA-OAS -38.93 ± 0.20 
IAEA-V9 -24.47 ± 0.09 
 
 
𝛿13C Instrument Measurements 
The stable isotope analysis of carbon was achieved using a Carlo Erba NA 1500 EA (CE 
Instruments, Milan, Italy) coupled to a Hydra 20 – 20 IRMS (Europa Scientific, UK) which 
runs in a continuous flow mode. The tin capsules containing the samples for the analysis of 
𝛿13C as described in the method of preparation section above were dropped into the EA.  
Prior to the analysis, the samples were purged with helium gas. Moreover, the samples were 
combusted to CO2 and various nitrogen oxides in the presence of an oxygen pulse. Following 
this step, the combusted gases then enter a reduction reactor to remove the excess oxygen 
and to convert the nitrogen oxides to nitrogen gas (N2). The gases pass through a stainless 
Poraplot PQS GC column to separate the CO2 from other gases such as N2 and SO2. A water 




Chapter 2: H, O and C Stable Isotopes of Cotton 
Equilibration of Quality Control Materials 
This procedure was used for the Quality Control samples that were included in the Trays 
analyzed for 2H and 18O[86]. The Quality Control organic materials that were included in the 
trays analyzed for 2H and 18O and were selected for equilibration comprised of three in-house 
standards and one international reference material, as shown in Table 12. This procedure is 
important for the extraction of the true 𝛿2H information from the total 𝛿2H measurement. The 
true 𝛿2H value is from the “non-exchangeable” content that cannot act as an acidic proton[23, 
90]. 
 




















In- house Cotton Wool 
 
The QC materials tabulated above were exposed to three isotopically different waters in 
Table 13 following the method discussed below to achieve the aim of the equilibration 
experiment. 
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𝛿2HVSMOW values with uncertainty 
 
SEA (20 mL) 
 
-1.66 ± 1 ‰ 
 
ICE (20 mL) 
 
-260.3 ± 1 ‰ 
 
ENRICHED WATER (20 mL) 
 
+535 ± 1 ‰ 
 
 
Triplicate sets of eight replicates of all the QC materials above were weighed into silver 
capsules. The silver capsules were partially opened to maximize water vapour contact 
between the equilibration waters and the cotton quality control materials. The samples were 
equilibrated with the waters for 10 days in vacuum desiccators sealed with dense silicon 
grease and partially evacuated with a vacuum freeze-dryer remove air so that the QC 
materials were exposed to the water treatment atmosphere only. Hence, a humid 
environment was ensured for optimal hydrogen exchange.  
 
Following the equilibration, the samples were transferred to an autosampler carousel then 
vacuum-dried on a hot plate set to 50 °C for five days. After five days, the samples were 
quickly transferred to the autosampler for measurement 𝛿2H using the Thermo TC/EA and 
Thermo DeltaV Isotope ratio mass spectrometer. This produced the following results in Table 
14 and Figure 27.  
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Figure 27: fexc values vs QC materials of cotton. 
 
 
Table 14: Results deduced by the equilibration experiment. All the values have been 




























































































From the equilibration water treatment experiment, it showed that the H exchangeable 
fraction (fHexc) values for all the QC materials at different water treatments were in close 








Water A and water B are the equilibration waters (enriched water and depleted water) and 
δ?Hstd, water A and δ?Hstd, water B is the measured isotope value of the QC standard in enriched 
water and depleted water, respectively. The equilibrium isotopic fractionation between 
exchangeable hydrogen (δ?Hex) and isotopic reference water hydrogen (δ?Hw) is defined in 








The assumption made here is that the 𝛼Hexc, water (net fractionation between the liquid water 
and exchangeable hydrogen in the Quality Control standard) is 1 in accordance with previous 
studies on the stable isotope analysis of organic matter[91-93]. Thus, the 𝛿2Hexc can then be 
calculated using the Equation 12.  
 
The δ?H value measured after the equilibrating experiment of the cotton quality control 
materials can be derived from Equation 13 where the total δ?Htotal is the sum of the two 
important contributing aspects; the δ?H value of the hydrogen that has been isotopically 
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exchanged with reference waters known as the δ?Hexc and the δ?H value of the non-
exchangeable hydrogen represented below as δ?Hnon.  
 
Equation 13 
𝜹𝟐𝑯𝒕𝒐𝒕𝒂𝒍= (1 -𝒇𝑯𝒆𝒙𝒄)𝜹𝟐𝑯𝒏𝒐𝒏 + 𝒇𝑯𝒆𝒙𝒄𝜹𝟐𝑯𝒆𝒙𝒄 
 
 
To calculate the non-exchangeable hydrogen (δ?Hn) value, the different aspects explored 








The QC cotton standards used in this study consisted of three in-house cotton standards. 
The CWUG01, CWIN01 and CW standards were developed and utilized in this work is from 
a 2014 Uganda harvest, India harvest and cotton wool prepared in the Iso-trace lab, 
University of Otago, Dunedin, NZ respectively. All have been thoroughly characterized in 
several batches by TC/EA IRMS to determine an accurate representation of baseline δ2H, 





Chapter 3: Statistical Methods for the Analysis of Cotton 
 
Figure 28: The selected objective showcases what Chapter 3 will be exploring to help 




The definition of statistics in accordance with the American heritage science dictionary is “the 
branch of mathematics that deals with the collection, organization, analysis, and 
interpretation of numerical data[94].” Statistics, as it is used in chemistry, especially in 
analytical chemistry, is known as chemometrics[95]. Thus, extracting information from 
chemical systems by using methods engaged in data analysis such as multivariate statistics 
to address problems in forensic analytical chemistry[23]. Chemometrics can be divided into 
two forms of comparisons one is exploratory, and the other is inferential[95].  
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Exploratory analysis surveys the data through the presentation of graphs, tables and charts 
that summarizes the data. It summarizes the numbers gathered from the study. Because of 
its nature, simplicity and what it is commonly used for in analysis such as this study, data 
interpretation of this type of comparison is flexible in the sense that no presumptions of the 
data are made nor any information considering the samples necessary to assess the data. 
Inferential analysis takes the results from the study and infer or make conclusions that goes 
beyond the numbers gathered. Inferential consist of comparison techniques which employs 
hypothesis testing and predictive modelling techniques. The latter form of comparison 
requires in-depth thinking as it leads to determinate answers and may only be applicable to 
ideal circumstances; therefore, conclusions drawn must be thoroughly investigated[23].  
 
Statistical Methods in Analytical Science 
To verify claims made in science, statistical analysis is often used to determine and interpret 
data and its correlations. Statistical methods aid with the understanding of a phenomenon 
but do not always support or reject a hypothesis[96]. There are countless statistical methods 
known to be used in science, but to the extent of this research, only the statistical methods 
discussed below were applied in this study.  
 
R Programming Language 
The main programme used for the computations was R Core Team (2017). R: A language 
and environment for statistical computing. R Foundation for Statistical Computing, Vienna, 
Austria. URL https://www.R-project.org/. This is an open-source freeware programming 
language software for statistical computing and generation of quality graphs. This 
programming language is widely used by statisticians and data miners for developing 
statistical software and data analysis[97]. All the statistical calculations employed in this study 
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were carried out using R version 1.0.153. Some of the packages on R that were used in this 
study are listed in Appendix 3: R Packages and Citations. The ultimate idea of interpreting 
the cotton data is to describe the data by visualizing the trends and focus on reducing 
complexity, compare the cotton data by sorting out the data through classification of the 
results deduced into different categories and test the hypothesis (discussed later on in this 
chapter) and lastly, to make some predictions based on the cotton data through utilizing 
modelling and proactive approach to data interpretation as shown in Figure 29. 
 
 






Chapter 3: Statistical Methods for the Analysis of Cotton 
Approaches to Statistical Analysis 
Introduction 
The statistical analysis used depends upon the number of variables involved or is 
investigated in a study with regards to the purpose or aim of the research project. The type 
of approaches one chooses to employ depends on the aim of their research[98]. The 
approaches chosen should reflect the idea in which the researcher is trying to get across to 
its readers. The approaches discussed in this chapter is what was chosen to answer the 
enquiries of this research’s aims.     
 
Univariate Analysis 
Univariate analysis is a common statistical method used in the analysis of data in sciences. 
This statistical method examines the distribution of data with a single variable. Thus, the data 
can be described and interpreted using summary statistics such as means, medians, 
standard deviations, confidence intervals for hypothesis tests (these were performed under 
95 % confidence interval) and graphics such as boxplots and histograms[23]. These graphs 
are used to visualize the data to determine the shape of the distribution, patterns in the data 
or outlier data which is different from the majority. These will be presented and explored in 
the results and conclusion chapter of this thesis.  
 
Repeatability and Reproducibility of the Measurements 
The accuracy of the results for an analytical experiment in science is verified by using 
appropriate calibration standards, Certified Reference Materials (CRMs) and Control (QC) 
materials. If the results are accurate, another question that follows is; are the results and 
measurements repeatable? If another person in a different laboratory carries out the same 
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experiment, we should be expecting the results gained to be reproducible of the results we 
present in this study. Under repeatable measurement, every measurement result is defined 
in the following Equation 15, according to ISO 5725[99]. 
 
Equation 15 
y = m + B + e 
 
where y is the measured result, m represents the general mean, B denotes the laboratory 
component variation and e represents the random error. The determination of accuracy, as 
described above, is dependent on the estimates of the precision, repeatability and 
reproducibility of the results. To fully understand this, we must first unravel the meaning of 
the different contributing aspects of accuracy in analytical science. There is a fine line that 
differentiates Repeatability and Reproducibility in analytical science. Repeatability is the 
precision of the independent results deduced from repeated measurements with the same 
method on the identical test material under the same laboratory, apparatus, operator and 
within a short time interval. Reproducibility is the precision of independent results gained from 
multiple measurements with the same method on the same material but under different 
laboratory, apparatus, operator and within longer time intervals[99].  
 
When interpreting the results of hydrogen isotope measurements, if variations (1 standard 
deviation) in the triplicate measurements of one sample are within 3.0 ‰, it is then considered 
to be stable and repeatable. Overall, the results show that the methods and instruments are 
producing stable results within and between the different runs. Comparison methods are also 
important for explaining the results deduced.  
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Chapter 3: Statistical Methods for the Analysis of Cotton 
Visual Exploration 
Introduction 
Visual exploration is common practice in data analysis. It is data mining and statistics working 
hand in hand to turn visual analytics into a promising field of successful research[100]. Visual 
exploration is always the first step in data science. Thus, it inspects descriptive statistics such 




A histogram is usually known as a frequency plot. It is a useful tool for assessing the normality 
of the data. The data is distributed into different bins, and the height of the bar in each bin 
determines the frequency of data generated that falls within the range that the bin accounts 
for. A normal distribution seems to resemble a mean-centred bell curve.  
 
Bivariate Analysis 
Bivariate analysis is the analysis of two variables exploring the concept of a relationship 
between the two. Thus, determining whether there is a connection between the two and the 
strength of the connection, or whether there are differences between the two variables and 
the significance of these differences[102]. 
 
Boxplot  
The boxplot is also known as a box and whisker plot. It serves as a comprehensive summary 
of the data under investigation. It shows the minimum value, lower quartile, median, upper 
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quartile and maximum value. Considering the cotton data investigated in this dissertation, the 
boxplots show the nature of the isotopic values of raw cotton and processed cotton from each 
known country.  
 
Scatterplot 
This type of plot is a mathematical diagram that utilize Cartesian coordinates to display values 
for typically two variables for a set of data. In the sense of this project and its findings, the 
scatterplot was used to show how much one variable is affected by another, i.e. δ18O vs δ2H 
and δ13C with respect to the different countries the cotton samples are sourced from.  
 
Although we can visualize the data in the exploration stage of data analysis, these 
visualization graphs can only do so much. For example, a boxplot can sure present what it 
promises but one cannot simply look at the boxplot graph and make a final distinction 
between the different variables of interest. Distinguishing between data for different countries 
considering this research can be difficult if relying only on the information that a boxplot 
displays. Therefore, we must look beyond the univariate analysis. This is where hypothesis 
testing comes in.  
 
Multivariate Analysis 
Multivariate analysis techniques can compare several variables simultaneously. Its ability to 
determine the interactions between the different variables is what makes multivariate analysis 
important. According to the literature on Chemometrics, it has been shown that most 
variables are not entirely independent of one another[95]. The data collected from a single 
sample (represented by a row in the matrix) is thought of as a matrix[23]. The comparison of 
the data collected for two samples is based on the matrix. This comparison enables the 
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determinations of any interactions that may exist between the different variables a, b and c. 
Table 15 below describes the visual explanation of multivariate statistics.  
 
Table 15: Visual explanation of multivariate statistics adapted from Emily Schenk’s Thesis[23]. 
Matrix Comparisons = Multivariate Statistics 




a1               b1            c1  
Comparison 
between two 
samples for several 
variables (a, b and 
c), 6 replicates per 
variable 
a2               b2            c2 a2               b2            c2 
a3               b3            c3 a3               b3            c3 
a4               b4            c4 a4               b4            c4 
a5               b5            c5 a5               b5            c5 
a6               b6           c6 a6               b6           c6 
 
PCA  
Principal Components Analysis (PCA) is a multivariate analysis approach. The role of PCA 
is to simplify the data set it deals with.  When multiple variables are used in data interpretation, 
it is often a good idea to simplify the complexity of the data set to enable it to be represented 
visually[95]. When PCA is used in a dataset, it reconstructs the dataset in the form of 
orthogonal linear combinations known as the principal components or PCs in short form[23]. 
Hence, presenting the variations in the variables using fewer PCs. The downside to this 
variable reduction technique is that the amount of variation accounted for in a dataset is 
decreased with each additional component added. The sum of the variances of the principal 
components is equal to the sum of the variances of the original variables. Thus, the principal 
components account for all the variation in the original data. There’s a point in the principal 
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components analysis where any components that only account for a small proportion of the 
variation in the data is discarded[103]. For example, if the starting variables was 15, it might 
be found that the first three components account for 80% of the total variance. Considering 
this, the other 12 components may reasonably be ignored.  





𝒑 𝒂𝒋𝑿𝒋 = 𝑿a 
 
 
where the p is the observations on p numerical variables. X represents the data matrix 
(n×p), whose jth column is the vector xj of observations on the jth variable and a is a vector 
of constants a1, a2,…,ap. 
The variance of the linear combination can be determined using Equation 17[104] 
 
Equation 17 
var(Xa) = a’Sa 
  
where S denotes the sample covariance matrix associated with the dataset and ‘ represent 
transpose. Thus, identifying the linear combination with maximum variance is equivalent to 
obtaining a p-dimensional vector a which maximises the quadratic form a’Sa[104]. 
 
Eigenvalues and Eigenvectors 
PCA can be further explained using eigenvalues and eigenvectors. An eigenvalue is a single 
number associated with each principal component. On the other hand, an eigenvector 
consists of several numbers comprising a vector[105]. The eigenvalues and eigenvectors are 
presented in pairs. The primary PC consists of the eigenvector with the largest corresponding 
eigenvalue. The secondary PC consists of the eigenvector with the second-largest coinciding 
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eigenvalue and so on[105]. Analytes do contribute to every eigenvector; however, the 
contribution is not equal nor proportionate[23]. For example, an analyte may contribute to the 
variation accounted for in one eigenvector more so than in another eigenvector. The 
information deduced from the use of eigenvectors and eigenvalues, along with the 
contribution of analytes can be used to determine the extent to which the variation in the data 
set can be associated with the analytes. Moreover, this information also determines whether 
a variable should be used or dismissed. Continuing with the equation representation of the 
PCA linear combination explained above, covariance matrix S, has exactly p real eigenvalues 
according to;  𝜆k (k = 1,…,p) and their corresponding eigenvector;  a’k ak’ = 1 if k = k’ and zero 
otherwise[104]. 
 
PCA score plot 
When PCA is presented graphically, it is then referred to as a score plot[106]. The score plot 
displays, as mentioned above the different samples on corresponding eigenvectors along 
with as many scores as principal components have prolonged. The score values presented 
by the score plot represents the influence the corresponding eigenvector has on the sample 
of interest. The score values can be plotted in either a 2D or a 3D plot[23]. When the score 
values are plotted in 2 dimensions, the plot then represents the variation accounted for in 
eigenvalue one and eigenvector one as well as the second pair of eigenvalues and 
eigenvectors. To determine the separation of samples based on variation in the 2-
dimensional comparison plot, quadrants are used. Thus, a significant distance is considered 
to exist between the data to suggest the presences of groups within the data if a vertical or 
horizontal line origination from the zero point on an axis, or if a line is identified through x=y 
can separate samples. The score plots will be presented in a later chapter with the results 
gained from this study as well as interpretations.  
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Hypotheses 
Testing the Hypothesis 
Every hypothesis that is made for a study in analytical science must be testable. This does 
not imply that it is compulsory to test every hypothesis one makes, but every hypothesis 
should be able to be tested. Such test is called hypothesis testing. This test provides the 
opportunity to determine whether enough evidence is present in the data set to draw the 
conclusion that a relationship is accepted or rejected by the p-value set.  
 
There are documented issues with the use of hypothesis tests which is important to mention 
here. Amongst the known issues is the distribution of the null hypothesis cannot be 
defined[107, 108] the value for alpha is arbitrary[109] and the idea of significance means very little. 
Hence, it does not provide any information about the practical significance of an event, or 
about whether or not the result is replicable[110] to name a few.  
 
The p-value is usually calculated by the distribution of the test statistics. If the p-value is 
smaller than the alpha value, this serves as the evidence to reject the null hypothesis. On the 
other hand, if the p-value is larger than the alpha value, this serves as evidence against the 
null hypothesis. There are two types of hypothesis, this consist of a null hypothesis and an 
alternative hypothesis. A null hypothesis is a statement of no significant difference or 
correlation. An alternative hypothesis is a statement of significant difference or correlation.  
 
Paired t-test 
Paired t-test compares the two means between samples or datasets. It is usually used to 
determine the degree of similarity or variation of the difference between means of two 
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samples from a population or different populations. The sample can be a sample of results 
generated from a method or just measured data. This test requires the data set to be normally 
distributed, and the samples are independent. The Student’s t-test requires the variance 
within each of the population to be equal whereas the Welch’s t-test (also known as the 
adaptation of the Student’s t-test) does not. The Welch’s t-test is more reliable for this 
research as the cotton samples from the different countries included in this research project 
have unequal sample sizes[111]. Moreover, the assumption of normality is maintained still.  
 
In this project, the paired t-test was carried out with non-pooled SD and was used to 
determine whether the different processing techniques that cotton undergo alter the δ2H, δ18O 
and δ13C values of the cotton. This was used because no assumption was made towards the 
populations having equal variances. Thus, brought about the following hypotheses; 
 
Null hypothesis: there is no difference in the means of cotton isotope measurements for 
different countries. 
 
𝜇a – 𝜇b = 0 
 
Alternative hypothesis: there is a difference in the means of cotton isotope measurements for 
different countries. 
 
𝜇a – 𝜇b ≠ 0 










where ?̅?	 is the mean and sd is the standard deviation of d, which is the difference between 
the paired values.  
 
The paired t-test was carried out using Holm’s adjustment method. This adjustment method 
was used because it is uniformly more powerful than the method that Bonferroni first 
introduced[112]. Moreover, it is designed to give control of the probability of making one or 
more false discoveries known as the family-wise error, or Type I error (false positive) when 
performing multiple hypotheses tests[113].  
 
The program R utilised in this project does this calculation resulting in p-values. The p-values 
determine the probability of observing the null hypothesis given the data (will be discussed 
in the next chapter) of this project. The interpretation of the p-values was according to the 














P < 0.01 
 
The difference is highly significant 
 
P < 0.05 
 
The difference is significant 
 
P > 0.05 
 
The difference is not significant 
 
 
Even though the paired t-test will help decide if the means are the same for each two-means 
tested at a time, the error propagates for each test the sample set undergoes. However, this 
is what correction is used for. Using a test that deals with more than two response variables 
such as Hotelling’s T2[115] can be of assistance to control the Type I error rate well[116].  
 
Hotelling T2 test 
Hotelling T2 test is a multivariate extension of the common two-group Student’s t-test[117]. In 
simple terms, the Hotelling T2 test is a multivariate test. Considering the purpose of this 
research, when R runs the function of Hotelling t2 test, it basically looks at multivariate 
centroids dispersion. The centroid is the term used to describe the intersection point of all the 
samples in a group. In this research, the Hotelling T2 test was utilised to test the difference 
between groups of processed cotton. This test determines whether there is a difference 
between the centroids of different cotton sample groupings (different processing techniques).  
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Parametric tests 
There are two ways of applying the Hotelling T2 test. However, this research will only discuss 
the parametric way of applying the Hotelling T2 test[98]. Parametric is useful when the data of 
interest consists of suitable datasets; i.e. plenty of data and groupings.  
 
The way that the second part of this research project used for the analysis of the processed 
cotton was also the parametric way. This is because of its suitability due to the nature of the 
sample sets, the variables investigated for each cotton sample and most importantly, the aim 
of the research. The R function was entered which commanded the test to repeat itself 
multiple times before gathering all the results from these tests and extract out the most likely 
result out all the tests (known as the Permutation test[118]). This approach is used to provide 
a robust assessment of the test statistic by repeating the testing many times across different 











Chapter 4: Results and Discussion 
 
Figure 30: The selected objective showcases what Chapter 4 will be exploring to help 
achieve the aim of this research project[4-7]. 
 
Overview 
What will be discussed in this chapter includes the findings and results accompanied by 
discussions of this research project. As mentioned in the first chapter, this research strives 
to apply the measurements of H, O and C isotope composition of cotton for verification of its 
origin. Taking this idea further, this project also aims to examine whether different 
manufacturing processes affect the H, O and C isotopic ratio values manifested in the cotton 









According to the records of cotton samples used for this project research, cotton samples 
existing in the African continent came from 10 different countries. Cotton samples 
representing the Asian continent originate from 8 different countries whilst cotton samples 
existing in the latter four continents originate from 1 country each. 
 
The first step once data has been collected and appropriately calibrated is to explore the data 
to check its suitability for the various statistical tests to be applied and also look for patterns 
in the data. Histograms, box plots and scatterplots are well-known and commonly used 
graphics for visualization of the data in analytical science projects. The visualisation tools 
were applied in this research project to help bring forth the bigger picture of the data 
determined for this project.  
 
Chapter 4: Results and Discussion 
Country Comparison of δ2H Results 
Histogram of δ2H for Raw Cotton 
Normal curves suggest that the samples are from normally distributed data. This would have 
been the case if the data was assessed univariately for normality. The histogram of the 
average δ2H of the raw cotton samples for different known countries in Figure 31, shows a 
loosely considered normal distribution curve. This suggestion is due to the δ2H values being 
grouped into the country variable. However, to ensure that the suggestions made about the 
histograms for the H isotopic ratios in the raw cotton for this project have supporting sources 
for a strong foundation, graphical tools were used to assess the data distribution[119], detect 
non-linearity and outliers[120]. 
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Figure 31: The average 𝛅2H isotopic ratios in raw cotton for different countries. 
 
 
Shapiro-Wilk’s Test for 𝛿2H of Raw Cotton 
A Shapiro-Wilk’s test was conducted for δ2H to compare the sample distribution to a normal 
one to ascertain whether data show or not a serious deviation from normality. The Shapiro-
Wilk’s test for δ2H yielded the following results; W = 0.97687, p-value = 4.823e-07. From the 
output, the p-value < 0.01 implies that the distribution of the data is highly significantly 
different from a normal distribution. This is expected as the δ2H variable was compared to 
the Country variable.  
 
 99 
Boxplot of δ2H for Raw Cotton 
 
Figure 32: Boxplots of the	𝛅2H (‰) of raw cotton for each known country showing the 
average values and the spread of the data. 
 
The variation in the δ2H of non-exchangeable hydrogens in the cellulose sheet, which makes 
up the raw cotton, holds the additional information regarding the geographic region of origin. 
This is most likely due to the H in the cotton plant being sourced from its water uptake[23].  
 
The δ2H of the plant cellulose is a function of the δ2H of the source water and subsequent 
fractionation driven by environmental factors affecting photosynthesis (sunshine hours, 
humidity, etc.) each of which is geographically variant. Thus, establishing the direct 
relationship between δ2H and the geographic region.  
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The δ2H boxplots of raw cotton in Figure 32 above, display the different isotopic value ranges 
for each country of interest.  Many of the countries can easily be distinguished from each 
other. For example, cotton origination from China and countries from the Asia continent can 
easily be distinguished from cotton originating from Australia.  
 
However, the box plots show some of the countries such as Benin, Burkina Faso, Cote de 
Ivoire, Mali and Togo overlap. The δ2H values for cotton originating from these countries 
range from -40 ‰ to -29 ‰ with a few outliers that can be seen in δ2H values deduced for 
cotton originating from BEN and BFA. We might expect the δ2H values of cotton originating 
from these countries to overlap as they are from the same continent. These countries have 
similar geolocation (from Western Africa). They are surrounded by similar environments and 
exposed to similar precipitation pattern that forges the values of the δ2H of the cotton to be 
quite similar/very close to each other.  
 
The boxplots show that the δ2H of China and the countries from the Asia continent can be 
distinguished from the countries from the other continents. The δ2H values for cotton from 
China range from -42 ‰ to -19 ‰. India’s δ2H values for cotton range from -40 ‰ through to 
+2 ‰. Israel’s δ2H values for cotton overlap with the highest values for the raw cotton 
originating from India. Thus, Israel’s cotton δ2H values begin at -3 ‰ and end at +5 ‰. KAZ’s 
δ2H values for raw cotton, on the other hand, begins at -45 ‰ to -38 ‰.  
 
Whereas, the δ2H values for raw cotton from Pakistan can easily be distinguished (from the 
previous two countries above; Israel and India) as the range is from -35 ‰ to -29 ‰ with 
outliers -39 ‰ and -46 ‰. The highest value was -28 ‰.	δ2H values for raw cotton originating 
from Tajikistan were deduced to be very depleted with values ranging from -55 ‰ to -40 ‰. 
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Turkey’s δ2H values for raw cotton were found to range between -37 ‰ to -15 ‰ with a few 
outliers above and below the highest and lowest δ2H values, respectively. The last country 
from the Asia continent; Uzbekistan, which some of the raw cotton from this research project 
originated from was determined to have δ2H values as tabulated in Table 17 ranging from -59 
‰ to -29 ‰. 
 
Table 17: Raw cotton 𝛅2H boxplot data of countries from the Asia Continent 






-28.72 ‰ -42 ‰ to -19 ‰ 
IND -21.50 ‰ -40 ‰ to +2 ‰ 
ISR +0.188 ‰ -3 ‰ to +5 ‰ 
KZA -42.74 ‰   -45 ‰ to -38 ‰ 
PAK -31.67 ‰ -35 ‰ to -29 ‰ 
TJK -46.57 ‰ -55 ‰ to -40 ‰ 
TUR -19.14 ‰ -37 ‰ to -15 ‰ 
UZB -44.70 ‰ -59 ‰ to -29 ‰ 
 
The most positive average values of δ2H were found in the Egyptian cotton (reaching up to 
more than +20 ‰), and most negative average values of δ2H were found in the raw cotton 
that originated from Uzbekistan (almost reach the -60 ‰ mark) as can be seen in Figure 32.  
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Moreover, the box plots of Kenya, Mozambique, Tanzania and Uganda overlap each other. 
The δ2H values for cotton originating from these countries range from -23 ‰ to +15 ‰ with 
an outlier from the δ2H values deduced for TZA at about -25 ‰. Because these countries co-
exist in East Africa, we would again expect the δ2H values of cotton originating from these 
countries to have similar values. Egypt is in the Africa continent; therefore, we might expect 
the cotton originating from this country to have δ2H close to that of the cotton from its 
neighbouring countries. However, Egypt is located on the North of the Africa continent, so 
we expect the cotton δ2H values from Egypt to show some difference from all the other 
countries from the Africa continent mentioned above. Indeed, this is the case, Egypt showing 
a range in the cotton δ2H values to be between -5 ‰ to about +20 ‰.  
 
Two of the possible reasons for the different result of cotton δ2H values in Egypt compared 
to the rest of the countries from the Africa continent is the annual precipitation and the 
irrigation process used in Egypt.  
 
In comparison to the part of the Africa continent where Egypt is located, this part of Africa 
gets different rainfall compared to the rest of the countries from Africa included in this cotton 
research project. The rainfall source is reflected in the δ2H values of precipitation reported by 
the Waterisotopes Isoscapes. The δ2H values of precipitation in Egypt range from +5.1 ‰ to 
about +29.2 ‰. The other countries in Africa where cotton was sourced for this project have 
δ2H values ranging from -67 ‰ to +5.1 ‰ in precipitation annually[121, 122].  
 
Moreover, Egypt being primarily an agricultural country with most areas being arid means 
that the farming and maintenance of the cotton plants growth relied heavily on irrigation from 
the Nile River[123]. Thus, the difference explored here could also be due to the evaporative 
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effects from the area under irrigation. Hence, the significant enrichments of δ2H indicates 
high evaporation rates[124].  
 
Q-Q Plot of δ2H for Raw Cotton 
The graphical tools mentioned above refers to a lot, but considering the purpose of this 
research, the graphical tool used was the Q-Q Plots. The Q-Q plots which will be discussed 
next in this chapter assess normality by plotting the calculated quantiles from the data against 
the theoretical quantiles for the distribution based on the mean and standard deviation.  
The interpretation of a Q-Q plot is simple; if the points plot on the line then the data 
approximates a normal distribution well, if the points do not plot on the line, then the data 
displays non-normal behaviour. 
 
 
Figure 33: Normal Q-Q plots for 𝛅2H of raw cotton for the countries included in this project. 
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The Quantile-Quantile plots above in Figure 33 was created in R by plotting the standardized 
residuals (calculated from the data) against the theoretical quantiles which are calculated 
from the distribution described by the mean and standard deviation of the data (Average 
isotopic ratio values of interest in the average δ2H for all the known countries). The Q-Q plot 
above supports the idea that both the theoretical quantiles and standardized data credibly 
came from the same distribution; as shown by the points in the graphs forming a line that is 
close to straight.  
Raw Cotton t-test p-value Results for δ2H  
The Holm’s adjustment method t-test was run on the raw cotton samples. This was done to 
check which of the null hypothesis (there is no difference in the mean of the paired cotton 
samples) or the alternative hypothesis (there is a difference in the mean of the paired cotton 
samples) is accepted, considering the p-values that the test yields. Thus, the individual 
isotope ratio values from different countries were looked at to determine if there are 
differences. The results are presented in Appendix 4: Raw Cotton 𝛅2H p-values. In the 
analyses here, an alpha value of 0.05 was used as the cutoff margin for significance. 
 
The results for the raw cotton δ2H p-values deduced from the t-test showed that majority of 
the countries were determined by the t-test to have mean differences that were highly 
significant according to the tabulated table of p-values and their associated explanation. The 
t-test between countries that showed highly significant differences in their means were 
countries with p-values that were less than 0.01. Thus, we reject the null hypothesis stated 
above that there is no difference between the means and conclude that a significant 
difference does exist. The rejection of the null hypothesis was also applied to other countries 
with t-test that determined the mean difference between them were not highly significant but 
were still significant with p-values that were less than 0.05.  
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Consequently, the results of the t-test between a few of the countries showed that their mean 
differences were not significant. Countries such as Benin, Burkina Faso, Mali and Togo that 
was seen to have overlapped in the boxplots in Figure 32, yielded t-test with p-values that 
were 1 (see Appendix 4: Raw Cotton 𝛅2H p-values). These countries determined p-values to 
be greater than 0.05. Hence, the results for these countries were not statistically significant. 
Therefore, we cannot conclude that a significant difference exists, so there is insufficient 



















Chapter 4: Results and Discussion 
Country Comparison of δ18O Results 
Histogram of δ18O for Raw Cotton 
The histogram of the average δ18O of the raw cotton samples for different known countries 
in Figure 34, shows a loosely considered normal distribution curve. This suggestion is due to 
the δ18O values being grouped into the country variable. However, to ensure that the 
suggestions made about the histograms for the O isotopic ratios in the raw cotton for this 
project have supporting sources for a strong foundation, graphical tools were used to assess 
the data distribution[119], detect non-linearity and outliers[120].  
 
 
Figure 34: The average 𝛅18O isotopic ratios in raw cotton for different countries 
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Shapiro-Wilk’s Test of δ18O for Raw Cotton 
A Shapiro-Wilk’s test was conducted for δ18O to compare the sample distribution to a normal 
one to ascertain whether data show or not a serious deviation from normality. The Shapiro-
Wilk’s test for δ18O determined; W = 0.973, p-value = 6.83e-08. From the output, the p-value 
< 0.01 implies that the distribution of the data is highly significantly different from normal 
distribution. This is expected as the δ18O variable was compared to the Country variable.  
 
Boxplot for δ18O of Raw Cotton 
 
Figure 35: Average 𝛅18O (‰) of cotton for each known country. 
 
Boxplots for the average δ18O of cotton for each of the countries included in this project, are 
shown in Figure 35. The δ18O values follow a similar trend to that of δ2H of cotton in Figure 
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32. Figure 35, however, has narrower ranges of δ18O values difference between the countries 
compared to the δ2H values.  
 
A few of the highlights from the resulting boxplots of the δ18O values of raw cotton includes a 
few of the countries from Africa, Asia, North America, Oceania and South America Continents 
as tabulated in Table 18.  
 
The δ18O values for cotton originating from Mozambique range from +31 ‰ to +34 ‰. 
Australia’s δ18O values for raw cotton range from +29 ‰ to +38 ‰. Kenya’s δ18O values for 
cotton range from +33 ‰ to +37 ‰. USA and UZB δ18O values for raw cotton overlap each 
other with USA containing a couple of outliers below the +24 ‰ cotton values and UZB 
containing an outlier at +31 ‰.  
 
From the boxplot, differentiation between these two countries seems impossible. USA δ18O 
values of raw cotton range from +24 ‰ to +30 ‰ whereas UZB δ18O values for raw cotton 
range from +26 ‰ to +30 ‰. TJK δ18O values for raw cotton range from +25 ‰ to +27 ‰ 
and BRA δ18O values of raw cotton range from +30 ‰ to +33 ‰.  
 
Moreover, even though USA and UZB are not on the same continent, the overlap in the δ18O 
values for raw cotton originating from these two countries could be due to the similarity in the 
δ18O values for precipitation in these countries. UZB’s annual precipitation resulted in δ18O 
values range from -9.2 ‰ to -5.8 ‰ whereas USA’s annual precipitation resulted in  δ18O 
values range from -9.0 ‰ to -5.1 ‰[121, 122].  
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Table 18: Raw cotton 𝛅18O boxplot data of countries from Africa, Asia, North America, 
Oceania and South America Continents. 
Country Continent  Country Average 
δ18O 
Range of δ18O 
MOZ Africa +32.25 ‰   +31 ‰ to +34 ‰ 
AUS Oceania +33.21 ‰ +29 ‰ to +38 ‰ 
KEN Africa +34.25 ‰ +33 ‰ to +37 ‰ 
USA North America +28.42 ‰ +24 ‰ to +30‰ 
UZB Asia +28.32 ‰ +26 ‰ to +30 ‰ 
TJK Asia +26.30 ‰ +25 ‰ to +27 ‰ 
BRA South America +30.77 ‰ +30 ‰ to +33 ‰ 
 
The overlap between the δ18O values for raw cotton originating from AUS and KEN could 
also be due to the great similarities in the cotton farm maintenance and environment in these 
two countries.  
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Q-Q Plots of δ18O for Raw Cotton 
 
Figure 36: Normal Q-Q plots for 𝛅18O of raw cotton for the countries included in this project. 
 
The Quantile-Quantile plots above in Figure 36 was created in R by plotting the standardized 
residuals (calculated from the data) against the theoretical quantiles which are calculated 
from the distribution described by the mean and standard deviation of the data (Average 
isotopic ratio values of interest in the average δ18O for all the known countries). The Q-Q plot 
above supports the idea that both the theoretical quantiles and standardized data credibly 
came from the same distribution; as shown by the points in the graphs forming a line that is 
close to straight.  
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Raw Cotton t-test p-value Results for δ18O  
The Holm’s adjustment method t-test was run on the raw cotton samples. This was done to 
check which of the null hypothesis (there is no difference in the mean of the paired cotton 
samples) or the alternative hypothesis (there is a difference in the mean of the paired cotton 
samples) is accepted, considering the p-values that the test yields. Thus, the individual 
isotope ratio values from different countries were looked at to determine if there are 
differences. The results are presented in Appendix 5: Raw Cotton 𝛅18O p-values  
 
In the analyses here, an alpha value of 0.05 was used as the cutoff margin for significance. 
The results for the raw cotton δ18O p-values deduced from the t-test showed that majority of 
the countries were determined by the t-test to have mean differences that were highly 
significant according to the tabulated table of p-values and their associated explanation.  
 
The t-test between countries that showed highly significant differences in their means were 
countries with p-values that were less than 0.01. Thus, we reject the null hypothesis stated 
above that there is no difference between the means and conclude that a significant 
difference does exist. The rejection of the null hypothesis was also applied to other countries 
with t-test that determined the mean difference between them were not highly significant but 
were still significant with p-values that were less than 0.05.  
 
Tying the information gathered from the t-test between the countries included in this project 
and the boxplot results, countries from the same continent seen to overlap were also deduced 
to have p-values that were greater than 0.05 see Table 19. Thus, determining that there is no 
significant difference in the means of the countries. Countries such as Uganda and Tanzania 
when undergone t-test yielded a p-value of 0.6069. This is expected as Ugandan and 
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Tanzania both exist in the same continent Africa so the δ18O values determined for the cotton 
from these two countries would be very much similar. Moreover, p-values deduced for the t-
test between Egypt/Kenya, CHN/UZB were all showing no significant difference in the means 
for each pair, respectively. Again, this is expected as these countries are from the same 
continents; Africa and Asia respectively. The particular case here was the t-test for USA/UZB 
yielding a p-value that shows no significant difference in the means for these two countries. 
Although the USA is from the North America continent and UZB is from the Asia continent, 
the p-value may be supporting the idea that the cotton growth and development area in these 
countries may be similar. Thus, including the methods or irrigation used to have yielded δ18O 
values that were somewhat like each other.  
 
Consequently, the t-test conducted for UGA/USA, it yielded a p-value of 2 x 10-19. This 
suggests that the difference in the means of δ18O values for these two countries are highly 
significant. This compliment the fact that both countries Uganda and USA, are from two 
different continents, Africa and North America respectively. Hence, expected δ18O values 
would show a highly significant difference between the two countries.  
 






Uganda/USA 2 x 10-19 
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Chapter 4: Results and Discussion 
Comparison of δ2H and δ18O Results for Raw Cotton 
Scatterplot of δ2H and δ18O for Raw Cotton 
This is all well and good but the real challenge is depicting the trend of the results yielded for 
this project research through the combination of both the δ2H and δ18O values of cotton for 
each of the known countries in the form of a scatterplot. This trend was depicted visually in 
Figure 37 in a plot of δ2H versus δ18O content.  
 
The scatter plot visual representation covers 6 out of the seven continents of the world. The 
six continents include; Africa, Asia, Europe, Australia, North America and South America. 
The scatterplot colours have been tailored to reflect the cotton samples from the different 
continents mentioned above.  
 
The scatterplot in Figure 37 below shows the promising results of the δ2H and δ18O values of 
cotton from different parts of the world. The trend is very much like that of the precipitation 
plot discovered by Harmon Craig, albeit with considerable variation between samples from 
the same country. From the representation, we can differentiate the cotton samples from 
countries in the South America Continent from cotton samples originating from countries in 
the North America Continent.  
 114 
 
Figure 37: Scatterplot of the Average 𝛅18O versus the Average 𝛅2H of cotton from different 
countries of the six continents. 
 
Figure 37 conveys that countries with similar climates have similar values and different origins 
have different values. Thus, countries in the Africa Continent who has the similar climates to 
that of countries in the North America Continent have similar values as can be interpreted. 
The relationship between the δ2H and δ18O values of raw cotton in this research poses a 
positive linear correlation between the two variables, as shown in Figure 38. 
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Figure 38: Scatterplot of the Average 𝛅18O versus the Average 𝛅2H of cotton from different 
countries of the six continents with the line of best fit. 
 
The y-intercept determined from the line of best fit for the above plot was -165.399 ‰ with a 
slope of +4.695 ‰. The model (linear regression) indicates that the raw cotton from countries 
of the six distinct continents with δ18O values of 0 ‰ will average a δ2H value of approximately 
-165.399 ‰. Moreover, the line of best fit is indicative of the trend in the raw cotton data (δ2H 
and δ18O values of raw cotton). On average, according to this regression; the model predicts 
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that the δ2H values of raw cotton will increase +4.695 ‰ for each additional δ18O value 
determined for raw cotton from the different countries of the highlighted six continents of the 
world. Each continent involved in this research was plotted to determine any clustering in the 
cotton samples from each country within each continent. 
 
Figure 39: Scatterplot of the Average 𝛅18O vs the Average 𝛅2H of raw cotton from countries in 
the Africa continent with the line of best fit. 
 
The line of best fit for the δ18O vs δ2H values of raw cotton from countries in the Africa 
continent shown in Figure 39 determined the y-intercept to be -147.447 and the slope to be 
+4.208. This shows that the plot has a strong positive linear relationship between the two 
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variables plotted. There is some clustering in the samples from the Africa continent which 
help distinguish cotton samples from sub-regions in Africa, i.e. the samples from countries in 
the West are differentiated from the samples from countries in the East of the Africa continent.  
 
Figure 40: Scatterplot of the Average 𝛅18O vs the Average 𝛅2H of raw cotton from countries in 
the Asia continent with the line of best fit. 
 
The line of best fit for the δ18O vs δ2H values raw cotton from countries in the Asia continent 
shown in Figure 40 yields a y-intercept of -156.236 and slope of +4.278. The cotton samples 
originating from different countries in the Asia continent plotted above resulted in the highest 
slope determined with a strong positive linear relationship between the two variables plotted. 
Again, some clustering can be interpreted from the scatter plot which compliments the 
samples from countries in central, east, west and south of the Asia continent along with 
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possible outliers which can be seen. The slope of the cotton samples from the Asia continent 
determined the highest slope. This suggests that countries in Asia where cotton is grown are 
the most less arid compared to the rest of the cotton-growing regions in the world.  
 
 
Figure 41: Scatterplot of the Average 𝛅18O vs the Average 𝛅2H of raw cotton from cities in 
Australia along with the line of best fit. 
 
The line of best fit for the δ18O vs δ2H values raw cotton from cotton-growing regions in 
Australia, as shown in Figure 41 resulted in a y-intercept of -66.434 accompanied by a slope 
of +1.822. There are some possible outliers in the plot of the cotton samples from the cities 
in Australia indicated by the plot which can be seen to fall furthest from the line of best fit. A 
few of the samples can be seen to cluster together, which is an indication of cotton samples 
originating from the same city in Australia. The slope determined for the Australian cotton 
was the lowest compared with the rest of the continents. From the slope of the line of best fit 
 119 
in Figure 39, we can say that the environment where the cotton was originating from the 
Africa continent is less arid compared to Australia. This indicated that the cotton originating 
from Australia is grown in the aridest environment in comparison to the other cotton-growing 
countries.  
 
Table 20: Slopes and y-intercept values for the scatterplots of average 𝛅18O vs the Average 
𝛅2H of raw cotton from the different continents included in this project. 
Continents Line of best fit slope Line of best fit y-intercept 
Africa +4.208 -147.447 
Asia +4.278 -156.236 
North America +2.663 -110.319 
Oceania/Australia +1.822 -66.434 
South America +2.934 -99.266 




Figure 42: Scatterplot of the Average 𝛅18O vs the Average 𝛅2H of 2 raw cotton samples from 
Greece in the Europe continent with the line of best fit. 
 
The line of best fit for the two cotton samples which originated from Greece in the European 
continent, as shown in Figure 42 yielded a y-intercept of +16407.3 accompanied by a slope 
of -516.6. The scatterplot shows a negative linear relationship between the two variables 
plotted for the raw cotton samples originating from Greece in Europe. Because there were 
only two samples from Greece, more samples from Greece is required to determine a better 
representation of the trend-line because the two samples at present could be possible outliers 
making the trend-line result in a negative linear relationship between the δ18O vs δ2H values 
of the raw cotton from Greece. From the previous continents, we can gather hints about the 
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type of environment that the cotton is grown in from the value of the slope the trend-line 
determine. However, at this point, nothing can be suggested about the kind of environment 
in Greece that the cotton is grown in. Hence, more samples from Greece is required to make 
a conclusion. 
 
Figure 43: Scatterplot of the Average 𝛅18O vs the Average 𝛅2H of raw cotton from countries in 
the North America continent with the line of best fit. 
 
The line of best fit for the cotton samples originating from cotton-growing regions in the USA 
located in the North America continent in Figure 43, determined a y-intercept of -110.319 with 
a slope of +2.663. With the slope determined above, it suggests that the environment where 
the cotton samples from the different states in America is grown in is arid following Australia. 
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The scatterplot above shows grouping which clearly separates the states located in the East 
of North America from the states located in the West of North America. Moreover, the 
environment is almost mimicking the environment where cotton is grown in at the Australia 
continent.  
 
Figure 44: Scatterplot of the Average 𝛅18O vs the Average 𝛅2H of raw cotton from countries in 
the South America continent with the line of best fit. 
 
The slope value determined for Figure 43 was not far off from the slope determined for the 
cotton samples grown in Brazil from South America continent. The line of best fit for the cotton 
samples originating from cotton-growing regions in Brazil is shown in Figure 44, and the y-
intercept was calculated to be -99.266 accompanied by a slope of +2.934. The slope value 
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suggested that the cotton samples from Brazil in the South America continent are grown in 
an arid environment like that of the cotton grown in the states of America in the North America 
continent as seen in Table 20. This then leads very well to the mapping data presented in 
Figure 45 and Figure 46.  
 
Global Distribution of Raw Cotton δ2H and δ18O Isotopes  
 
Figure 45: 𝛅2H Isotopic values of Raw Cotton in different countries around the world[125] 
 
The geographical spread of isotopic values is shown in Figure 45 and Figure 46. For both the 
world maps, the darker the shade of colour the more depleted are the δ2H and δ18O values 
of cotton from that region. There is a clear co-variance between δ2H and δ18O observed in 
these figures. The covariance of any two variables in a dataset examines how linearly related 
they are. A positive covariance depicts a positive linear relationship between the two 




Thus, the covariance between δ2H and δ18O was found to be 53, indicating a positive linear 
relationship between δ2H and δ18O of raw cotton from different countries around the world 
included in this project.  
 
Figure 46: 𝛅18O Isotopic values of Raw Cotton in different countries around the world[125]  
 
The δ18O isotopic values of raw cotton in different countries around the world show the 
highest δ18O values of raw cotton are found in the tropics and sub-tropics (countries including 
Brazil, Australia, Tanzania, Kenya, Mozambique, Uganda, Israel, Turkey and Egypt to name 
a few). In contrast, the lowest δ18O values of raw cotton are in countries at high latitudes and 
altitudes (countries including USA, CIV, Mali, Benin, Burkina Faso, Uzbekistan, Pakistan and 
India to name a few).  
 
The pattern in global cotton δ18O values is reflective of the global distribution δ18O in 
precipitation based on IAEA station data and interpolation by Bowen and Wilkinson[127] where 
the same trend in the δ18O of precipitation is found in Figure 47. The changes in the slopes 
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for the trend-line for each continent is complemented by the visual representation of the 
precipitation map in Figure 47. 
 
Figure 47: The Map of 𝛅18Oppt calculated for continents at 5′ × 5′ geographic resolution. Map 
values are the sum of model-derived δ18Oppt estimates from latitude and altitude data. 
Adapted from Bowen and Wilkinson (2002)[127]. 
 
The δ2H, δ18O and δ13C values of cotton areas heavily dependent on the environmental 
conditions of the country it is grown in just as much as cultivation is for economic growth. 
Cotton from Egypt are grown in low rainfall regions. On days that the process of irrigation 
must be used for the cotton field, water from the Nile and its tributaries through Sudan and 
Ethiopia are used. This may also have some effect on the values measured for Egypt 
compared to the other countries from Africa involved with this project.[128] However, further 
studies must be taken to determine the extent of this effect on the δ2H, δ18O of cotton grown 
in Egypt.  
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Countries such as Turkey, Greece, Egypt and Israel show substantial enrichment of 
deuterium and oxygen-18 stable isotopes. While some countries experience high rainfall that 
is reflected on the large enrichments of stable isotopes in cotton, other countries experience 
low rainfall like Egypt but still determining large enrichment of 2H and 18O. These results could 
be due to the high evaporation rates of water[124]. Countries in the Asia continent apart from 
Israel and Turkey have shown in the maps above to have cotton with depleted values for δ2H 
and δ18O. These countries produced the same results as the states in the North American 
Continent. These could potentially be due to the amount effect working hand in hand with 
temperature and conditions for growth of cotton in these places. The Australian cotton and 
the cotton known to have originated from countries in Eastern Africa and Mozambique have 
been determined to have the most positive δ2H and δ18O values. This is possibly due to 
latitudinal effects on the stable isotopes and the countries lying near the equator.  
 
The study by West et al. in (2010) established a transfer function from precipitation to cotton 
cellulose using a steady-state model for leaf water described by Roden et al. in the year 
(2000). Though there was no actual measured data in the model, the model was tested using 
11 samples from 9 countries of which 10 of the samples fell in the correct range given the 
δHIO values of the scale to be between 14 ‰ to 51 ‰ as can be seen in Figure 48[129].  
 
Even though the uncertainty in this model seem large compared to the Isotopic values of raw 
cotton deduced from real data in Figure 46, the patterns appear to be similar between Figure 
46 and Figure 48. The countries with the highest δ18O values are high for both and the 
countries with the lowest δHIO values are low for both models. The only thing that sets Figure 
46 apart from Figure 48 is the range across the data being smaller (23 ‰ to 41 ‰) in Figure 
46.  
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However, it is important to note that Eastern China is not included in this project. Some of the 
lowest values in the West map introduced here are from the Eastern China area. This area 
missing from the measured range means that the lower limit estimation has been 
underestimated. 
 
Figure 48: Cotton cellulose model using a steady-state model for leaf water adapted from 










Chapter 4: Results and Discussion 
Country Comparison of δ13C	Result 
The δ13C of raw cotton is useful as a third variable to help with the differentiation of the raw 
cotton originating from different countries involved with this research project. The variation of 
the δ13C in raw cotton is reflective of the variation in the composition and utilization of 
atmospheric CO2[23]. Although the δ13C results deduced from the raw cotton is useful still, 
considering its contribution to isotope provenancing, its usefulness may not be as substantial 
as δ2H and δ18O which are directly reflective of the climate and geographic variations[23].  
 
Histogram of δ13C for Raw Cotton 
 
Figure 49: Histogram showcasing the average 𝛅13C isotopic values of raw cotton. 
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Shapiro-Wilk’s Test of δ13C for Raw Cotton 
A Shapiro-Wilk’s test was conducted for δ13C to compare the sample distribution to a normal 
one to ascertain whether data show or not a serious deviation from normality. The Shapiro-
Wilk’s test for δ13C determined; W = 0.98783, p-value = 0.0003955. From the output, the p-
value < 0.01 implies that the distribution of the data is highly significantly different from normal 
distribution. This is expected as the δ13C variable was compared to the Country variable. The 
average δ13C histogram above in Figure 49 is accompanied by a normal curve that looks a 
little skewed.  
 
Boxplot of δ13C for Raw Cotton 
 
Figure 50: Average 𝛅13C (‰) of cotton for each known country. 
 
Figure 50 above depicts the variation in the δ13C of raw cotton from the known countries 
included in this research project. The range of the δ13C in the raw cotton samples from the 
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different countries involved in this project overlaps each other so much more than the 
boxplots of the average δ2H and δ18O of cotton for each known country as shown in the 
figures above. This is most likely because all the raw cotton samples being C3 plant type 
alongside the little variation in the atmospheric CO2[23].  
 
Moreover, the use of δ13C within a single plant type (which is C3 in this case) has been 
reported to be useful for comparison only when the plants to be distinguished were grown in 
two different environments such as indoors and outdoors or a valley vs ridge[130, 131]. All the 
cotton plants in this research were grown in the outdoors. The δ13C of the raw cotton from 
the different countries plotted above is reflective of the 13CO2 that is incorporated into the C3 
plant, which is usually in the range -24 ‰ to -30 ‰[132]. All the δ13C values for the different 
countries highlighted in Table 21 were determined to be within the range of C3 plants.   
 
Table 21: Raw Cotton 𝛅13C boxplot data of countries from Africa, Asia, North America, South 
America, Oceania and Europe Continents 
Country Continent Country Average 
δ13C 
Range of δ13C 
Greece Europe -26 ‰ -26 ‰ to -26.7 ‰ 
Kenya Africa -25 ‰ -23 ‰ to -27 ‰ 
AUS Oceania -26.7 ‰ -25 ‰ to -28.3 ‰ 
USA North America -26.3 ‰ -25 ‰ to -28 ‰ 
Brazil South America -26 ‰ -25.3 ‰ to -27 ‰ 
ISR Asia -26.4 ‰ -25 ‰ to -27.8 ‰ 
 
All the countries highlighted above have δ13C values that seem to overlap each other. The 
δ13C values for cotton from Kenya stretches -23 ‰ to -27 ‰.  Cotton originating from Greece 
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resulted in δ13C values that range from -26 ‰ to -26.7 ‰. Cotton known to have originated 
from AUS range from -25 ‰ to -28.3 ‰ whereas cotton from USA yielded δ13C values ranging 
-25 ‰ to -28 ‰, Brazilian cotton range from -25.3 ‰ to -27 ‰ and cotton from ISR range 
from -25 ‰ to -27.8 ‰. 
Q-Q Plot of δ13C for Raw Cotton 
 
Figure 51: Quantile- Quantile plot for 𝛅13C of raw cotton for the countries included in this 
project. 
 
The Q-Q plot in Figure 51 surely supports the claim made above about the data being 
normally distributed. The points on the plot in Figure 51 seem to all fall in a straight line. The 
values deduced here seems to also be well-behaved as the plot for the δ2H and δ18O of raw 
cotton above. The relationship between the two variables on the axis of the plot is linear with 
the values plotted being scattered equally random around the centre line at zero.  
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Raw Cotton t-test p-value Results for δ13C  
The Holm’s adjustment method t-test was run on the raw cotton samples. This was done to 
check which of the null hypothesis (there is no difference in the mean of the paired cotton 
samples) or the alternative hypothesis (there is a difference in the mean of the paired cotton 
samples) is accepted, considering the p-values that the test yields. Thus, the individual 
isotope ratio values from different countries was looked at to determine if there are 
differences. The results are presented in Appendix 6: Raw Cotton 𝛅13C p-values. 
 
In the analyses here, an alpha value of 0.05 was used as the cutoff margin for significance. 
The results for the raw cotton δ13C p-values deduced from the t-test showed that majority of 
the countries were determined by the t-test to have mean differences that were highly 
significant according to the tabulated table of p-values and their associated explanation.  
 
The t-test between countries that showed highly significant differences in their means were 
countries with p-values that were less than 0.01. Thus, we reject the null hypothesis stated 
above that there is no difference between the means and conclude that a significant 
difference does exist. The rejection of the null hypothesis was also applied to other countries 
with t-test that determined the mean difference between them were not highly significant but 
were still significant with p-values that were less than 0.05.  
 
The results for the t-test of δ13C for raw cotton showed highly significant differences in the 
δ13C means for some of the countries included in this project. BFA/BRA was amongst some 
of the country paired for t-test that deduced p-values that determined highly significant 
difference in the δ13C means. From Table 22, BFA/BRA yielded a p-value of 0.003. This highly 
significant difference compliments the notion of δ13C being a distinct method for comparison 
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between countries only if the plants from the countries are grown in different surroundings 
such as indoor and outdoor. UGA/IND had the lowest p-value compared to the other paired 
countries highlighted in the following table with a p-value of 4 x 10-8 followed by TJK/BEN 
with a p-value of 4 x 10-5. Unlike, t-test was done for the pair KAZ/BRA returned a p-value of 
0.717, indicating that there is no significant difference in the δ13C means between these two 
countries. Although these two countries do not exist in the same continent, going back to the 
idea of different surroundings for growth of cotton[130, 131], this p-value is, therefore, to be 
expected. Interestingly, when a t-test was performed for the pair GRC/TGO, the p-value 
deduced was 1. This indicating that there is no significant difference in the δ13C means 
between the countries. The only 2 cotton samples from GRC was used for this project in 
comparison to the multiple samples for the other countries involved could potentially have an 
impact on this. Thus, the samples for GRC cannot be a representation of the δ13C of cotton 
grown in Greece.   
 
Table 22: P-values of the t-test between some of the 𝛅13C countries included in this project 
Countries P-value 
BFA/BRA 0.003 
TJK/BEN 4 x 10-5 





Because the dataset for this research project is large with three distinct variables and almost 
500 samples from 22 different countries, it gets quite tricky to visualize the difference between 
the countries especially with only a limited array of colours to colour coordinate the samples 
from each country of interest. Thus, it gives rise to the idea of employing PCA. The PCA will 
reduce the number of variables but not the number of groups. This making it easier to 
visualize the variance across the three variables of interest of the dataset. Hence, PCA work 



















Chapter 4: Results and Discussion 
Multivariate Analysis Results of δ2H and δ18O for Raw Cotton 
Principal Components Analysis 
 
The function of the MASS package known as ‘prcomp’ in r was used to calculate the 
importance of the components shown in Table 23 below. From the information in this table, 
we can see that the first principal component (PC1) explains 68.4 % of the total variation, the 
second principal component (PC2) explains 27.4 % and the last principal component (PC3) 
only explaining 4 % of the total variation.  
 
 



































The scree plot of the Principal Components tabulated above showcases the importance of 
PC1. The scree plot has a cliff face on a mountainside on the left and a scree slope/tail below 
it on the right as it can be seen in Figure 52. The first two principal components work out to 
be sufficient to account for 90% of the total variation in the δ2H, δ18O and δ13C of raw cotton.  
 
Figure 52: Scree plot of the different Principal Components 
 
The scree plot is a representation of the variance in each PC, and the biplot is a 
representation of the variance in each PC. The biplot is a representation of the loadings and 
scores. The numbers inside the biplot represent the rows in the original data frame, and the 
directions of the arrows represent the relative loadings of the species on the first and second 
principal components. Thus, the average δ2H and average δ18O have strong positive loadings 
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on PC1. PC2 has strong positive loadings from average δ13C. Looking closely at the different 
samples considering the Continent of origin; raw cotton samples originating from continents 
such as Africa (Eastern Africa), Oceania/Australia and Europe are characterized by high 
values for δ2H and δ18O. On the other hand, raw cotton samples originating from continents 
such as Africa (South Africa) are characterized by high values for δ13C. Moreover, some raw 
cotton samples from other known countries or origin are somewhat in the middle and less 
tightly clustered than others.  
 
Figure 53: PCA biplot of Raw Cotton samples from different continents. 
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From the data deduced in the biplot in Figure 53, it is evident that stable isotopes can be 
used to separate cotton grown in different regions of the world.  
When δ18O was plotted against δ13C as can be seen in Figure 54 below, although the different 
continents represented by the different colours can be differentiated from each other, no clear 
trend was interpreted as all the samples were clumped up together.  
 
Figure 54: Average 𝛅18O vs Average 𝛅13C of raw cotton from the continents involved in this 
research project. 
 139 
Similarly, when δ2H was plotted against the δ13C, there was no apparent trend. The different 
continents can be distinguished from each other based on the different colours but just like 
the plot of the δ18O against the δ13C, the samples from the different countries were all piled 
up together of the plot as it can be seen in Figure 55.  
 
Figure 55: Average 𝛅2H vs Average 𝛅13C of raw cotton from the continents involved in this 
research project.  
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Variation in the δ2Hnon-exchange of cotton was heavily explored and examined in this project to 
extract information regarding the geographic region of origin as has been demonstrated by 
Emily R. Schenk in her research project thesis[23]. As pointed out by Schenk; this is most likely 
due to water uptake in the plant being the only source of 2H. Even though there is a known 
observable link between the environment and the raw cotton, it is not well known what the 
impact of processing cotton into fabric has on the measured isotopic values.  
 
The known observable link between the raw cotton and the environment will be examined 
using a large-scale study consisting of processed cotton fibres known to have originated from 

















Chapter 4: Results and Discussion 
Processed Cotton 
Brief background information to Processed Cotton 
 
One of the concerns for traceability is being able to track processed cotton back to the raw 
cotton origin. The processed cotton used for this research project was also provided by 
Oritain. These have been taken through the full processing as described in Chapter 2. This 
part of the research project aims to determine whether the isotopic values for	δ2H, δ18O and 
δ13C will change as the raw cotton is processed into fabric or not.  
 
The processed cotton were all known to have originated from the USA. Samples were 
categorised according to the different processing they underwent, as described in Chapter 2 
of this thesis. Refer to Chapter 2 for more information about the Processed Cotton samples 
used in this research project. A brief description of processing cotton from raw to end product 
fabrics used for clothes and other necessities is as follows.  
 
Treated raw cotton in a gin is taken through a spinning process to create yarns which are 
then weaved, resulting in greige fabric. Given that no yarn or raw material was provided to 
compare against the processed cotton for this project, greige fabrics through to end product 
fabrics only were available for this project. The important thing to note here is that there are 
some processes before the weaving that has effects on things such as sizing of yarn before 
the weaving stage of processing. The greige fabric is the product that comes out from the 
loom after it has just been woven. This fabric is rough, and it is at its unfinished stage, 
discoloured and full of impurities[133].   
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When the greige fabrics are processed, it is then called Ready for Dye fabrics (RFD) .This 
processing step (from greige to RFD) is where the treatment to remove sizing compounds 
occur. The process of Mercerisation occurs in here as well. This process differentiates 
Wrinkle-free and not Wrinkle-free. The RFD fabrics are then used as a base for dying or 
printing on finished goods[134, 135].  
 
The two different dyes used for processed cotton in this research project include reactive dye 
and pigment. The reactive dye is the most permanent dye used for cotton fabrics. It can be 
categorised by the functional group such as dichlorotriazine or vinyl sulfone. It is a coloured 
synthetic organic chemical that attaches to textile fibres through a chemical reaction that 
forms a covalent bond[134, 136]. The pigment is achieved via the use of insoluble materials, 
usually in powder form. The pigment adds colour to the ink or paint used for the colouring of 
cotton fabrics. It requires binders or other additives to attach to the cotton fibres. It can either 
be derived from minerals or be made synthetically. Due to its insoluble characteristic in water, 













Chapter 4: Results and Discussion 
δ2H values of Processed Cotton Samples 
Boxplots 
 
Figure 56: 𝛅2H Isotope values for the processed cotton according to the different groupings   
 
The boxplots look similar to each other despite the different processing each group 
underwent. There are some variations among the groupings that can be interpreted along 
with a few outliers here and there as displayed Figure 56.  
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Chapter 4: Results and Discussion 
δ18O values of Processed Cotton Samples 
Boxplot 
The δ18O boxplots in Figure 57 showed the most extensive range to be of the Pima Dyed 
ASH Reactive Welsoft Satin Weave Cotton Processed Cotton group. Again a few outliers can 
be seen here just like the above boxplots. Moreover, the medians for the boxplots of some of 
the groupings can be seen to be a little higher than the rest of the boxplots but not by much 
that we can say that they are entirely different from the rest of the processed cotton groupings.  
 
Figure 57: 𝛅18O Isotope values for the processed cotton according to the different groupings 
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Chapter 4: Results and Discussion 
δ13C of Processed Cotton Samples 
Boxplot 
The extent of separation of some of the groups was determined from δ13C boxplots of the 
processed cotton (Figure 58). The C boxplot shows the difference of the Greige cotton from 
the rest of the other cotton groupings. The Greige cottons exhibited much heavier δ13C values 
in comparison to the rest of the cotton samples in the different groups (see Figure 58) .  
 
Figure 58: 𝛅13C Isotope values for processed cotton according to the different groupings 
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Chapter 4: Results and Discussion 
Processed Cotton Samples T-Test of δ2H, δ18O and δ13C 
Hypothesis and P-values 
 
While the mathematical form of the hypothesis test remains the same as before, the context 
of the test is entirely different for this part of the project. The hypothesis testing context for 
this part of the project strives to determine differences between means of cotton isotope 
measurements for different process groups.  
 
Null hypothesis: there is no difference in the mean of cotton isotope measurements for 
different process groups. 
 
𝜇a – 𝜇b = 0 
 
Alternative hypothesis: there is a difference in the mean of cotton isotope measurements for 
different process groups.  
 
𝜇a – 𝜇b ≠ 0 
 
The p-values are shown in Table 16. The t-tests were carried out using the Holm-Bonferroni 
p-value adjustment method to account for the familywise error associated with multiple 
comparisons. The details for the results can be viewed in the Figures in Appendix 7: 
Processed Cotton 𝛅2H p-values, Appendix 8: Processed Cotton 𝛅18O p-values and Appendix 
9: Processed Cotton 𝛅13C p-values. The alpha value was set at 0.1.   
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Majority of the associated p values deduced from the T-test were closer to 1, which is well 
above the alpha value. However, there are a few significant difference in some of the t-test 
pairs with the most showing up for the δ13C comparisons with p-values that are less than the 
alpha value set. Fewer significant differences were determined from the p-values for the δ18O, 
with the least significant differences determined in the δ2H p-values. The p-values that were 
above alpha = 0.1 did not provide evidence to reject the null hypothesis. The p-values 
determined for the second part of this study as shown in Figure 59, Figure 60 and Figure 61 
were reflective of the results that the PCA of the processed cotton dataset produced.  
Each of the alphabets in Figure 59, Figure 60 and Figure 61 below represents a type of 
processed cotton. B = PIMA, Dyed (ASH), Reactive Welsoft, Satin Weave, C = PIMA, Dyed 
(ASH), Reactive Welsoft, Stripe weave, D = PIMA, Dyed (ASH), Reactive Wrinklefree, Satin 
Weave, E = SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave, F = PIMA, Dyed 
(IVORY), Pigment Welsoft, Satin Weave, G = PIMA, Dyed (IVORY), Pigment Welsoft, Stripe 
weave, H = PIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave, I = PIMA, Dyed 
(IVORY), Pigment Wrinklefree, Stripe weave, J = PIMA, Greige, Satin Weave, K = PIMA, 
Greige, Stripe Weave, L = PIMA, RFD Shade, Satin Weave, M = PIMA, RFD Shade, Stripe 
Weave, N = PIMA, White Welsoft, Satin Weave, O = PIMA, White Welsoft, Stripe Weave, P 
= PIMA, White Wrinklefree, Satin Weave and Q = PIMA, White Wrinklefree, Stripe Weave 
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Figure 59: 𝛅2H P-values for each pair tested for processed cotton. 
 
 
Figure 60: 𝛅18O P-values for each pair tested for processed cotton. 
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Figure 61: 𝛅13C P-values for each pair tested for processed cotton.  
 
PCA 
The PCA displays distinct groupings and structures, especially in relation to the different 
stages of processing done to each group. The arrows represent the loadings as vectors to 
show the direction in which the data is being pushed depending on the different processing 
procedures it underwent. 
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The multivariate centroids are the measure of centre for multivariate distribution. It is 
sometimes also known as the mean vector. It is similar to the mean of a univariate normal 
distribution. The centroid is represented in PCA space as the central convergence of the 
points on any given PCA plot for a particular group (where the lines meet). The PCA plot can 
be explored to observe any indicated difference between the centroids of different groups.  
 
The observed differences can then be determined by applying a Hotelling T2 test. Most of the 
centroids are reasonably similar to each other. There seems to be no significant difference 
in all the samples except for the Greige samples as can see in Figure 62. Instead of clustering 
with the rest of the samples as we had expected, the Greige samples are well away from 
where the other sample’s centroids.  
Thus, there is an observable difference in the δ13C of the Greige processed cotton compared 
to the rest of the processed cotton involved in this study. However, this observable difference 












Chapter 5: Conclusions and Suggestions  
 
Figure 63: The selected objective showcases what Chapter 5 will be exploring to help 
achieve the aim of this research project[4-7]. 
Summary of Aims 
The aim of this research project is to apply measurements of H, O and C isotope composition 
of raw cotton for verification of its origin by analyzing the δ2H, δ18O and δ13C of the raw cotton 
on the IRMS and using the precursor precipitation as a guide. The main question for this part 
of the research project is: Are the results for variables investigated here sufficient to 
distinguish between raw cotton from the 22 countries involved in this study? The results from 
this first part were then presented using univariate and multivariate analysis techniques.  
 
The aim of the second part of this research project is to investigate whether taking the cotton 
samples through different processing techniques (processed cotton) would alter the δ2H, 
δ18O and δ13C values of the cotton. This is done by analyzing the processed cotton just like 
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the raw cotton samples. The main question for this part of the research project is: Can the 
processed cotton be traced back to the raw cotton origin? Therefore, using statistical analysis 
to interpret the results to find out what the answer to this question is.   
 
This chapter briefly summarises the main findings of this study as well and the main concepts 
that have been discussed above accompanied by some support from literature and lessons 
learned from this study as a foundation or platform for future work.  
 
Chapter 5: Conclusions and Suggestions  
Project Conclusions 
 
Chapter 4 focused on the two main parts of this study. The first part of Chapter 4 was 
dedicated to the findings of the raw cotton samples from 22 different countries around the 
world. The first statistical analysis that was involved in the first part of this study was to firstly 
determine the p-values to test levels of significance in the difference of the means for the 
dataset. Thus, for most countries, the t-test produced p-values that were less than 0.01 – 
0.05. Hence, we reject the null hypothesis that there is no difference between the means and 
conclude that a significant difference does exist. Only a few countries t-test p-values resulted 
in values that were higher than 0.05 and so, therefore, there is more evidence in support of 
the null hypothesis. Another statistical analysis that was introduced to the raw cotton data 
deduced were to examine the normality of the dataset. The dataset was found to be normally 
distributed.  
Moreover, the PCA percentage variance analysis ascertained that the first two principal 
components work out to be sufficient to account for 90 % of the total variation in the δ2H, δ18O 
and δ13C of raw cotton. The PCA biplot identified δ2H and δ18O to have strong positive 
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loadings on the PC1 whereas δ13C was determined to have strong positive loading on the 
PC2. The real highlight of the first part of this study was the fulfilment of the aim. From the 
scatterplot of the Average δ2H vs δ18O, a clear trend was seen with the raw cotton samples 
from different countries around the world. This trend was also complemented by the global 
distribution of the δ2H and δ18O isotopic values of raw cotton in the world maps of the whole 
dataset for the raw cotton samples from the 22 countries.  
 
Overall, for the first part of Chapter 4, the results indicated the δ2H, δ18O and δ13C can be 
used as tracers for verifying the geolocation of the raw cotton.  Thus, producers could verify 
the origin of their cotton products, helping to prevent not only fraud in the cotton industry that 
is costing companies much money but most importantly to bring the cotton field workers 
justice by enforcing high-quality health and safety procedures. 
 
The second part of Chapter 4 presents the findings for the processed cotton study. Amongst 
the findings was the goal to answer the question of if processed cotton can be traced back 
to its origin? The second part of Chapter 4 tackled this question well with the results 
supporting the idea that processed cotton can be traced back to its origin. The boxplots for 
δ2H of processed cotton showed that all the Supima cotton have similar isotope values with 
the medians all aligning at the same level. There were also a few outliers in the boxplots but 
nothing that was worrying.  
Moreover, the boxplots for the δ2H showed large ranges for the δ2H values for the Supima 
White Welsoft Satin and Stripe Weaves. The boxplots for the δ18O showed the most extensive 
range for δ18O was found to be the Supima Dyed (ASH) Reactive Welsoft Satin Weave 
processed cotton group. The boxplots for the δ13C for the processed cotton determined the 
largest range for the δ13C to be the Supima Dyed (ASH) Reactive Wrinklefree Satin Weave 
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processed cotton group. Of the 16 different groupings of processed cotton, two of which were 
determined to be different from the rest of the groupings with regards to their medians being 
higher than the rest of the processed cotton groupings. There were still a few outliers 
identified from the boxplots but fewer than for δ2H and δ18O. 
 
The alpha value for the processed cotton study was set to 0.1. With this alpha value in place, 
the t-test revealed that the majority of the processed cotton groups resulted in t-test p-values 
that were close to 1. A very few groups had t-test p-values that were closer to the alpha value 
of 0.1. Overall, the processed cotton p-values gave more evidence of the null hypothesis that 
there is no significant difference in the groupings except for the Greige processed cotton 
group. This difference was also highlighted by the PCA for the δ2H, δ18O and δ13C data for 
processed cotton with the Greige group δ13C centroid being separated from the rest of the 
other group’s centroid. Further investigation study is required to examine why the Greige 
processed cotton has been identified in this study to be different from the other groups of 
processed cotton.  
 
With this study being a success, the techniques and application of stable isotopes (δ2H, δ18O 
and δ13C) for the authentication of raw cotton will ensure that consumers can have high 
confidence that what they buy is genuine. This technology will enable the cotton producers 
who follow ethical practices of fair treatment of employees and the environment to distinguish 
their product from others and hence tell their story to attract higher returns. Thus, the cotton 
industry will be encouraged to ensure they are providing a safe working environment for their 
employees in both the fields and factories. The result being that fundamental human rights 
are not overlooked due to pressure for cotton demands, consumers are not defrauded and 
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honest traders are not disadvantaged by having their authentic cotton substituted by inferior 
products. 
Chapter 5: Conclusions and Suggestions  
Suggestions 
 
For future work, I do not suggest doing any isotopic measurements on δ34S on the raw cotton. 
Some raw cotton samples selected at random were sent to the micro-analysis lab to find out 
the %S. The results came back with the S concentration to be less than 0.30 %. Because the 
percentage concentration of Sulphur in the raw cotton sample is very low (see Figure 64), it 
would be very difficult to obtain meaningful δ34S data.  
 
Figure 64: Microanalysis Results for the %S present in the raw cotton samples 
 
 
The main difficulty in applying the technology described here to ascertain the origin of cotton 
is the lack of parameters available to build the multivariate statistical models. Thus, an 
important contribution of future research would be to increase the number of parameters 
measured on the cotton samples.  
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A suggestion for future studies following on from work undertaken in this research project 
would include a study that can further explore and analyse the following parameters: 
 Measure additional isotopes of cotton samples, eg; 87Sr/86Sr 
 Measure Trace Elements to determine further the effects of purity and manufacturing 
processes involved in the production of cotton 
 The carbon isotopes of processed cotton need to be further studied to help identify 
the reason behind why the δ13C values of Greige Supima cotton seem to be different 
when undergoing processing. 
 Calibration experiments can also be carried out at a range of different temperatures 
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Appendix 1: Raw Cotton Information 
Table 24: Raw Cotton Information 
Sample I.D  d18O d2H d13C Country 
17-008375 29.75 -33.08 -27.6 BEN 
17-008379 28.63 -34.08 -27.8 BEN 
17-008381 29.15 -28.89 -26.81 BEN 
17-008382 28.07 -31.1 -26.99 BEN 
17-008383 28.89 -28.87 -27.13 BEN 
17-008385 30.45 -20.02 -27.23 BEN 
17-008387 27.42 -32.75 -27.58 BEN 
17-008388 30.06 -28.23 -27.51 BEN 
17-008389 28.41 -27.12 -27.41 BEN 
17-008391 28.53 -35.16 -28.06 BEN 
17-008392 29.12 -33.12 -27.87 BEN 
17-008393 29.29 -28.81 -27.76 BEN 
17-008350 29.17 -16.82 -26.53 BFA 
17-008351 28.37 -31.14 -27.28 BFA 
17-008353 27.89 -32.86 -27.52 BFA 
17-008354 28.92 -29.17 -27.07 BFA 
17-008356 28.2 -29 -27.71 BFA 
17-008358 28.76 -29.46 -27.27 BFA 
17-008360 27.87 -28.74 -27.7 BFA 
17-008364 29.43 -25.42 -26.77 BFA 
17-008365 28.59 -28.83 -27.97 BFA 
17-008368 28.49 -29.49 -27.65 BFA 
17-008371 29.43 -20.07 -26.35 BFA 
17-008319 27.77 -31.56 -26.65 CIV 
17-008321 28.05 -30.11 -26.32 CIV 
17-008323 29.43 -24.96 -27.07 CIV 
17-008325 28.35 -30.81 -26.76 CIV 
17-008329 28.35 -24.46 -26.69 CIV 
17-008332 29.7 -25.63 -27.19 CIV 
17-008333 28.02 -38.35 -28.27 CIV 
17-008339 29.27 -24.91 -26.48 CIV 
17-008340 25.81 -27.03 -27.15 CIV 
17-010239 36.99 5.55 -25.76 EGY 
17-010241 36.37 8.94 -26.1 EGY 
17-010242 37.78 6.66 -25.54 EGY 
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17-010243 37.3 6.29 -26.2 EGY 
17-010244 37.17 7.03 -26.54 EGY 
17-010245 37.36 5.87 -25.89 EGY 
17-010246 37.75 8.19 -25.58 EGY 
17-010247 38.48 13.33 -25.44 EGY 
17-010252 40.19 14.5 -25.09 EGY 
17-010253 37.69 5.33 -26.03 EGY 
17-010254 36.95 -1.99 -25.6 EGY 
17-010258 38.17 13.0 -25.58 EGY 
B02909 33.14 10.49 -26.25 EGY 
B02925 34.69 9.71 -26.23 EGY 
B02926 34.45 8.38 -25.83 EGY 
B02974 33.43 2.63 -26.5 EGY 
B02997 34.05 3.85 -26.1 EGY 
B03211 38.32 14.68 -27.08 EGY 
B03213 38.6 15.88 -26.83 EGY 
B03215 39.46 21.9 -27.07 EGY 
B03217 39.59 14.72 -26.54 EGY 
B03222 38.99 14.04 -27.27 EGY 
B12572 38.06 15.49 -26.39 EGY 
B12575 37.7 9.62 -27.56 EGY 
B12578 37.63 3.68 -26.29 EGY 
B30026 38.59 8.22 -25.48 EGY 
B30099 39.87 14.55 -25.82 EGY 
D04763 34.82 14.27 -25.37 EGY 
D04772 34.84 10.22 -25.88 EGY 
D04908 34.3 14.88 -25.92 EGY 
D09943 33.98 1.76 -25.64 EGY 
D09961 34.15 -0.47 -25.84 EGY 
D09974 35.28 9.77 -25.57 EGY 
D09996 34.62 13.63 -25.75 EGY 
D09999 34.3 17.15 -26.86 EGY 
D10013 33.7 10.15 -25.75 EGY 
D10173 34 9.53 -26.22 EGY 
D10203 33.97 13.24 -25.85 EGY 
D10271 33.38 7.86 -25.92 EGY 
D10371 33.56 3.63 -27.12 EGY 
D10383 33.95 11.91 -26.17 EGY 
17-003365 35.64 12.89 -23.07 KEN 
17-003367 31.94 -20.14 -26.58 KEN 
17-003368 31.74 -16.23 -24.73 KEN 
17-003369 37.03 3.59 -24.28 KEN 
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17-003370 35.06 4.34 -22.56 KEN 
17-003372 36.89 4.08 -24.82 KEN 
17-003373 36.3 -0.08 -24.36 KEN 
17-003376 32.37 -17.81 -25.46 KEN 
17-003377 35.55 -8.35 -24.97 KEN 
17-003379 32.4 -16.16 -25.76 KEN 
17-003381 31.67 -10.21 -25.34 KEN 
17-003382 31.9 -19.96 -25.09 KEN 
17-003431 36.71 -6.47 -26.4 KEN 
17-008277 30.13 -21.5 -26.8 MLI 
17-008278 26.73 -29.13 -27.31 MLI 
17-008279 28.07 -28.21 -27.03 MLI 
17-008281 29.44 -30.14 -27.42 MLI 
17-008283 29.84 -22.15 -26.73 MLI 
17-008287 28.62 -30.02 -27.49 MLI 
17-008289 28.26 -23.62 -26.85 MLI 
17-008291 29.5 -21.77 -27.15 MLI 
17-008293 30.79 -21.98 -26.73 MLI 
17-008295 29.94 -31.16 -27.2 MLI 
17-008298 26.48 -35.11 -27.19 MLI 
17-003305 32.87 -13.57 -25.99 MOZ 
17-003306 33.32 -5.92 -24.79 MOZ 
17-003308 32.44 -7.66 -24.82 MOZ 
17-003317 33.61 -5.33 -24.31 MOZ 
17-003319 32.14 -12.65 -25.49 MOZ 
17-003320 32.32 -9.74 -24.47 MOZ 
17-003330 32.65 -11.71 -25.08 MOZ 
17-003333 31.3 -19.1 -27.55 MOZ 
17-003334 31.05 -22.01 -26.86 MOZ 
17-003351 31.88 -21.44 -26.05 MOZ 
17-003361 31.14 -2.2 -24.33 MOZ 
17-008299 31.28 -21.2 -26.95 TGO 
17-008304 30.63 -26.24 -27.71 TGO 
17-008308 28.05 -33.99 -27.51 TGO 
17-008312 26.54 -39.42 -28.11 TGO 
17-008313 30.61 -26.49 -26.93 TGO 
17-008315 30.34 -21.86 -26.91 TGO 
17-008316 30.32 -24.55 -27.02 TGO 
17-003434 34.28 -3.06 -24.39 TZA 
17-003435 34.47 -7.22 -24.34 TZA 
17-003436 35.49 0.55 -24.85 TZA 
17-003438 33.75 -5.56 -25.36 TZA 
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17-003439 35.67 4.8 -23.81 TZA 
17-003440 34.07 -8.02 -24.55 TZA 
17-003442 35.69 6.35 -24.08 TZA 
17-003443 33.79 -3.68 -25.01 TZA 
17-003444 35.21 -1.81 -25.06 TZA 
17-003445 36.02 3.43 -24.07 TZA 
17-003447 35.6 -3.78 -24.69 TZA 
17-003448 35.96 3.21 -24.61 TZA 
17-003449 35.91 7.29 -26.56 TZA 
17-003452 36.05 3.37 -26.03 TZA 
17-003467 28.93 -22.19 -25.64 TZA 
17-003486 31.2 -13.73 -25.5 TZA 
17-003511 34.18 -5.04 -24.65 TZA 
17-003264 35.1 -4.63 -25.68 UGA 
17-003265 37.37 8.43 -24.91 UGA 
17-003267 33.23 -2.52 -25.27 UGA 
17-003270 35.86 8.31 -25.73 UGA 
17-003272 33.99 -6.26 -26.39 UGA 
17-003279 32.71 -2.87 -25.45 UGA 
17-003280 36.89 9.36 -25 UGA 
17-003281 36.16 0.1 -25.14 UGA 
17-003283 35.67 2.44 -25.67 UGA 
17-003284 37.3 7.4 -24.5 UGA 
17-003285 36.28 3.98 -25.8 UGA 
17-003286 35.13 2.24 -25.83 UGA 
17-003288 36.24 3.2 -25.81 UGA 
17-003289 37.08 5.8 -24.71 UGA 
17-003290 38.97 9.59 -24.6 UGA 
17-003292 37.11 5.02 -25.69 UGA 
17-003293 38.09 8.83 -24.6 UGA 
17-003294 37.9 1.05 -25.2 UGA 
17-003296 35.59 2.99 -24.89 UGA 
17-003297 34.86 3.48 -25.33 UGA 
17-003299 37.18 4.28 -25.36 UGA 
17-003301 34.89 0.14 -25.82 UGA 
17-003303 33.87 -0.53 -26.09 UGA 
17-003304 35.88 4.85 -26 UGA 
17-002063 28.96 -19.31 -25.59 CHN 
17-002083 29.98 -16.33 -25.92 CHN 
17-002103 25.59 -36.66 -27.17 CHN 
17-002124 27.22 -30.43 -26.74 CHN 
17-002135 28.28 -20.86 -26.03 CHN 
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17-002147 26.31 -28.53 -26.81 CHN 
17-002156 25.49 -36.94 -27.35 CHN 
17-002160 24.87 -40.71 -27.23 CHN 
17-000977 34.54 -3.71 -25.71 IND 
17-000978 35.75 -5.3 -25.96 IND 
17-000979 30.57 -20.21 -27.06 IND 
17-000980 32.83 -12.31 -25.25 IND 
17-000981 27.38 -22.63 -27.72 IND 
17-000982 27.95 -31.52 -28.12 IND 
17-000983 33.48 -7.52 -26.43 IND 
17-000985 31.75 -15.26 -26.65 IND 
17-001008 31.79 -12.52 -26.02 IND 
17-001010 33.38 -13.8 -26.19 IND 
17-001012 32.88 -6.51 -26.2 IND 
17-001013 28.61 -20.94 -27.3 IND 
17-001017 29.45 -27.5 -26.76 IND 
17-001019 31.9 -15.05 -25.33 IND 
17-001021 31.61 -22.59 -26.34 IND 
17-001023 31.12 -18.13 -26.39 IND 
17-001024 31.78 -20.24 -26.43 IND 
17-001037 32.78 -13.18 -26.66 IND 
17-001038 28.76 -21.06 -26.88 IND 
17-001039 26.73 -27.47 -27.97 IND 
17-001040 33.92 -1.19 -26.47 IND 
17-001050 28.51 -25.08 -28.23 IND 
17-001052 28.66 -33.72 -27.18 IND 
17-001054 28.9 -26.01 -27.2 IND 
17-001056 27.69 -31.09 -27.01 IND 
17-001057 28.44 -26.2 -27.11 IND 
17-001060 27.47 -31.82 -26.34 IND 
17-001061 27.65 -29.8 -26.42 IND 
17-001067 27.39 -38.7 -26.7 IND 
17-001068 25.08 -41.22 -26.79 IND 
17-001069 25.43 -40.34 -26.22 IND 
17-001070 28.31 -25.2 -26.87 IND 
17-010249 32.58 -1.06 -27.33 ISR 
17-010250 33.06 5.02 -25.84 ISR 
17-010255 31.74 -5.06 -26.95 ISR 
17-010256 32.07 -3.82 -26.88 ISR 
17-010257 32.26 5.87 -27.79 ISR 
17-001988 28.68 -39.2 -26.3 KAZ 
17-001989 28.88 -41.19 -26.96 KAZ 
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17-001990 29.58 -38.22 -26.75 KAZ 
17-001995 29.03 -45.28 -26.67 KAZ 
17-001996 29.26 -46.73 -26.48 KAZ 
17-001999 29.47 -43.77 -26.29 KAZ 
17-002000 29.11 -43.81 -26.41 KAZ 
17-002001 30.56 -41.42 -27.03 KAZ 
17-002002 31.28 -45.06 -26.35 KAZ 
17-001947 27.74 -31 -26.92 PAK 
17-001948 27.82 -30 -26.96 PAK 
17-001949 28.37 -32.23 -26.75 PAK 
17-001951 25.84 -43.95 -27.81 PAK 
17-001956 27.77 -36.39 -26.9 PAK 
17-001957 28.36 -30.25 -26.75 PAK 
17-001958 26.43 -27.35 -27.14 PAK 
17-001959 28.31 -28.19 -26.9 PAK 
17-001960 28.44 -26.05 -27.33 PAK 
17-001961 28.73 -31.02 -26.23 PAK 
17-001963 27.98 -30.52 -26.69 PAK 
17-001964 28.47 -31.37 -26.81 PAK 
17-001965 28.36 -33.36 -27.23 PAK 
17-001409 26.91 -47.91 -26.11 TJK 
17-001410 25.31 -49.81 -26.35 TJK 
17-001411 27.02 -39.85 -26.57 TJK 
17-001412 27.37 -43.72 -26.53 TJK 
17-001413 25.58 -52.81 -26.2 TJK 
17-001414 26.43 -51.16 -26.72 TJK 
17-001415 26.88 -40.3 -25.91 TJK 
17-001416 25.17 -47.63 -26.7 TJK 
17-001419 27.22 -43.35 -26.19 TJK 
17-001425 25.16 -49.12 -26.57 TJK 
17-000906 31.32 -11.49 -26.57 TUR 
17-000907 27.65 -18.97 -25.82 TUR 
17-000910 30.54 -25.97 -26.56 TUR 
17-000914 31.72 -16.86 -26.01 TUR 
17-000915 34.73 -24.98 -26.66 TUR 
17-000916 34.3 -18.07 -26.29 TUR 
17-000917 30.81 -15.98 -27.17 TUR 
17-000920 32.82 -16.36 -26.54 TUR 
17-000922 36.33 -7.4 -25.39 TUR 
17-000923 34.35 0 -25.81 TUR 
17-000924 35.36 -11.05 -25.56 TUR 
17-000925 29.5 -16.48 -26.52 TUR 
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17-000926 31.69 -18.91 -26.4 TUR 
17-000927 30.86 -22.25 -26.38 TUR 
17-000928 30.11 -14.7 -26.29 TUR 
17-000929 32.37 -15.74 -26.16 TUR 
17-000930 32.78 -21.13 -26.46 TUR 
17-000931 30.74 -19.35 -26.05 TUR 
17-000932 28.58 -20.32 -26.06 TUR 
17-000933 31.02 -20.8 -26.01 TUR 
17-000934 37.4 -16.53 -26.18 TUR 
17-000935 35.38 -6.7 -25.6 TUR 
17-000936 35.05 -14.87 -26.1 TUR 
17-000937 30.76 -33.65 -26.44 TUR 
17-000938 29.36 -33.65 -26.7 TUR 
17-000940 31.23 -22.23 -26.23 TUR 
17-000942 31.19 -21.48 -26.33 TUR 
17-000944 30.65 -31.01 -26.4 TUR 
17-000947 31.27 -22.72 -25.77 TUR 
17-000950 30.13 -29.12 -25.66 TUR 
17-000951 31.8 -19.41 -26.51 TUR 
17-000954 29.88 -22.45 -26.52 TUR 
17-000957 30.41 -21.74 -26.52 TUR 
17-000959 30.87 -16.55 -27.27 TUR 
17-000967 32.39 -21.79 -25.69 TUR 
17-000970 29.09 -16.89 -26.15 TUR 
17-000974 30.65 -20.47 -26.07 TUR 
17-001967 30.72 -27.42 -25.22 UZB 
17-001968 26.2 -56.36 -26.69 UZB 
17-001969 28.03 -44.48 -26.37 UZB 
17-001970 29.36 -34.72 -26.04 UZB 
17-001971 27.79 -41.67 -25.86 UZB 
17-001972 27.17 -50.05 -26.88 UZB 
17-001975 29.45 -32.09 -25.67 UZB 
17-001976 30.9 -31.43 -25.74 UZB 
17-001977 27.93 -51.53 -26.38 UZB 
17-001978 27.86 -40.07 -25.78 UZB 
17-001979 30.95 -30.94 -25.3 UZB 
17-001980 27.64 -44.21 -26.89 UZB 
17-001981 28.64 -44.69 -25.9 UZB 
17-001982 29.01 -40.29 -25.62 UZB 
17-001983 27.84 -46.12 -26.07 UZB 
17-001984 27.72 -45.26 -26.27 UZB 
18-001516 28.06 -43.32 -25.96 UZB 
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18-001531 30.21 -33.77 -25.38 UZB 
18-001664 27.48 -51.18 -25.75 UZB 
18-001665 27.57 -51.81 -25.62 UZB 
18-001666 28.12 -53.71 -25.98 UZB 
18-001667 27.27 -57.72 -26.01 UZB 
18-001668 26.6 -54.05 -26.07 UZB 
18-001672 28.34 -44.43 -25.77 UZB 
18-001676 26.93 -53.3 -26.45 UZB 
18-001677 27.97 -45.97 -26.08 UZB 
18-001678 28.5 -43.75 -25.81 UZB 
C36000 27.33 -46.18 -26.5 UZB 
C36001 27.29 -48.04 -25.79 UZB 
C36002 28.52 -47.74 -26.1 UZB 
C36005 28.59 -53.39 -25.86 UZB 
C36006 28.79 -44.97 -25.57 UZB 
C36007 29.26 -26.9 -25.52 UZB 
C37732 28.15 -49.84 -25.88 UZB 
C37738 28.34 -48.04 -26.79 UZB 
C37750 28.96 -49.91 -26.05 UZB 
16-013627 35.92 -4.8 -25.74 AUS 
16-013632 34.36 -6.55 -26.14 AUS 
16-013634 34.31 -7.21 -25.98 AUS 
16-013635 33.07 -5.23 -26.5 AUS 
16-013636 35.09 -11.45 -26.11 AUS 
16-013637 32.72 1.15 -26.28 AUS 
16-013639 34.44 -12.42 -26.87 AUS 
16-013640 28.84 5.23 -26.16 AUS 
16-013641 34.9 -11.45 -26.58 AUS 
16-013642 34.84 -5.43 -26.3 AUS 
16-013643 33.94 7.75 -26.62 AUS 
16-013644 35.28 -6.61 -26.69 AUS 
16-013645 34.57 -2.85 -26.67 AUS 
16-013647 33.68 3.77 -26.27 AUS 
16-013649 33.67 2.48 -25.91 AUS 
16-013651 34.57 5.71 -25.79 AUS 
16-013652 35.62 -7.42 -26.12 AUS 
16-013655 34.82 -6.45 -25.58 AUS 
16-013656 35.51 -5.45 -25.6 AUS 
16-013657 35 -9.26 -26.45 AUS 
16-013659 35.53 -3.46 -25.78 AUS 
16-013661 34.3 -6.06 -26.23 AUS 
16-013667 36.01 12.43 -24.94 AUS 
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16-013684 35.49 -3.03 -26.91 AUS 
17-001482 30.83 -12.59 -27.24 AUS 
17-001483 31.02 -13.53 -27.71 AUS 
17-001484 30.55 -12.65 -27.75 AUS 
17-001485 30.62 -7.73 -27.11 AUS 
17-001486 30.33 -14.33 -27.98 AUS 
17-001487 31.71 -10.42 -27.77 AUS 
17-001488 31.65 -10.56 -27.11 AUS 
17-001489 31.7 -7.05 -27.25 AUS 
17-001490 30.81 -9.84 -27.54 AUS 
17-001491 30.88 -7.08 -27.3 AUS 
17-007523 36.38 6.91 -24.45 AUS 
17-007527 34.06 -0.96 -26.44 AUS 
17-007529 32.96 -7.57 -26.29 AUS 
17-007531 33.5 -3.07 -26.46 AUS 
17-007566 29.8 -21.32 -27.3 AUS 
17-007567 30.81 -15.73 -27.2 AUS 
17-007613 33.53 -8.76 -26.96 AUS 
17-007635 33.84 -7.44 -27.16 AUS 
17-008743 33.91 -3.83 -26.02 AUS 
17-008753 34.64 6.74 -26.37 AUS 
17-009512 34.5 -0.45 -27.43 AUS 
17-009550 31.33 -17.42 -27.2 AUS 
17-009601 31.12 -14.1 -26.97 AUS 
17-009659 31.13 -5.14 -27.48 AUS 
17-009953 34.72 -6.12 -26.45 AUS 
17-009979 31.21 -2.46 -27.17 AUS 
17-010075 34.92 -1.48 -26.69 AUS 
17-010129 34.26 14 -25.46 AUS 
17-010135 30.44 -6.16 -26.98 AUS 
17-011714 31.45 -3.52 -26.53 AUS 
17-011780 32.63 -5.2 -26.83 AUS 
17-011822 37.55 -0.76 -25.35 AUS 
17-011882 31.38 -5.16 -26.99 AUS 
17-013077 35.48 7.83 -24.43 AUS 
17-013377 32.99 2.65 -25.95 AUS 
B11375 34.09 -11.4 -27.12 AUS 
B11386 33.14 -11.29 -27.45 AUS 
B11415 32.01 -17.08 -26.94 AUS 
B11430 34.12 -12.13 -27.28 AUS 
B11472 32.21 -9.81 -26.76 AUS 
B11480 33.39 -5.58 -26.71 AUS 
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B11573 33.44 -9.09 -27.3 AUS 
B11673 36.31 7.3 -24.56 AUS 
B11675 33.05 -6.74 -27.62 AUS 
D23548 32.11 -11.5 -26.59 AUS 
D31579 32.75 -2.93 -27.13 AUS 
D31583 32.51 -8.29 -27.01 AUS 
D31600 32.47 -16.26 -28.18 AUS 
D31612 34.68 -1.03 -26 AUS 
D31614 31.91 -9.39 -26.54 AUS 
D31619 32.42 -6.78 -26.91 AUS 
D31632 32.45 -9.35 -27.72 AUS 
D31638 33.07 -16.92 -27.95 AUS 
D31649 32.27 -7.94 -26.54 AUS 
D31665 31.62 -11.41 -27.07 AUS 
D31671 33.12 -11.28 -26.88 AUS 
D31678 31.77 -9.67 -27.11 AUS 
D31848 33.74 -4.96 -26.17 AUS 
D32020 32.53 -8.73 -25.95 AUS 
17-002191 31.79 -15.87 -26.04 GRC 
17-002192 31.76 0 -26.49 GRC 
17-001345 28.98 -29.77 -26.38 USA 
17-001346 26.32 -40.34 -27.05 USA 
17-001347 26.73 -39.31 -26.04 USA 
17-001348 29.06 -22.5 -25.23 USA 
17-001349 27.33 -33.14 -25.59 USA 
17-001350 29.66 -29.82 -25.27 USA 
17-001351 27.39 -35.88 -25.26 USA 
17-001352 28.55 -30.55 -26.2 USA 
17-001353 26.3 -37.09 -25.52 USA 
17-001354 27.46 -36.52 -25.06 USA 
17-001355 28.02 -32.38 -25.64 USA 
17-001356 30.21 -26.67 -25.96 USA 
17-001357 29.7 -27.04 -25.78 USA 
17-001372 27.7 -38.52 -25.37 USA 
17-001373 27.87 -34.91 -25.61 USA 
17-001374 30.13 -32.17 -25.32 USA 
17-001375 28.69 -33.78 -24.92 USA 
17-001376 29.55 -28.3 -25.98 USA 
17-001377 29.26 -30.24 -25.23 USA 
17-001378 27.72 -32.2 -25.98 USA 
17-001379 27.13 -32.44 -25.84 USA 
17-001380 28.86 -30.36 -26.14 USA 
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17-001381 28 -31.96 -25.72 USA 
17-001382 29.29 -37.25 -26.26 USA 
17-001383 29.01 -37.02 -26.15 USA 
17-001384 29.09 -36.55 -26.37 USA 
17-001385 28.45 -43.49 -26.16 USA 
17-001386 27.71 -36.89 -26.4 USA 
17-001387 28.29 -38.82 -26.36 USA 
17-001388 28.7 -33.92 -26.55 USA 
17-001389 28.84 -29.35 -25.67 USA 
17-001390 28.17 -35.53 -26.47 USA 
17-001391 28.14 -26.7 -26.63 USA 
17-001392 30.08 -32.87 -25.44 USA 
17-001393 27.27 -35.18 -25.72 USA 
17-001394 28.82 -30.62 -25.15 USA 
17-001395 28.42 -27.41 -25.13 USA 
17-001396 28.12 -28.77 -25.52 USA 
17-001397 28.95 -30.79 -25.52 USA 
17-001398 27.57 -32.65 -25.52 USA 
17-001647 29.46 -17.89 -26.78 USA 
17-001681 28.83 -28.08 -24.7 USA 
17-001685 27.39 -35.58 -27.08 USA 
17-001686 27.44 -29.61 -26.02 USA 
17-001687 27.67 -37.72 -26.17 USA 
17-001688 30.34 -7.95 -26.87 USA 
17-001689 29.64 -9.88 -26.97 USA 
17-001694 27.89 -25.51 -27.75 USA 
17-001695 26.88 -30.17 -27.55 USA 
17-001697 29.96 -19.37 -27.77 USA 
17-001698 28.65 -13.25 -27.47 USA 
17-001699 28.48 -12.18 -27.34 USA 
17-001703 30.2 -11.4 -26.59 USA 
17-001712 27.39 -20.46 -26.67 USA 
17-001714 30.43 -19.36 -26.79 USA 
17-001732 29.39 -24.22 -25.9 USA 
17-017891 28.16 -36.46 -25.37 USA 
17-017955 24.97 -48.86 -25.88 USA 
17-017973 24.07 -51.58 -25.83 USA 
17-018265 24.73 -50.08 -25.64 USA 
17-018271 25.13 -48.25 -25.43 USA 
17-018272 25.59 -48.68 -25.81 USA 
18-000539 23.72 -48.01 -25.59 USA 
18-000540 23.4 -51.32 -25.27 USA 
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18-000541 26.13 -54.28 -26.35 USA 
18-000546 28.68 -32.71 -25.95 USA 
B04089 28.36 -40.2 -26.01 USA 
B04096 28.18 -42.6 -27.58 USA 
B04101 28.27 -46.09 -27.46 USA 
B04104 29.01 -45.39 -26.94 USA 
B04105 28.75 -37.83 -26.96 USA 
B04110 30.04 -46.49 -27.16 USA 
B04111 30.16 -47.23 -26.71 USA 
B04281 29.41 -43.78 -27.6 USA 
B04287 29.09 -35.6 -26.56 USA 
B04292 28.14 -39.35 -26.97 USA 
B29349 29.98 -40.6 -25.79 USA 
B29353 29.43 -42.75 -27.71 USA 
B29354 29.35 -40.33 -26.77 USA 
B29361 29.61 -40.63 -26.54 USA 
B29366 28.52 -40.32 -27.21 USA 
B29372 29.35 -39.74 -26.17 USA 
B29378 29.91 -34.87 -26.09 USA 
B29385 30 -31.47 -26.26 USA 
B29392 29.3 -42.69 -27 USA 
B29405 30.1 -39.43 -26.41 USA 
B29425 30.33 -41.48 -26.89 USA 
B29565 30.53 -34.46 -25.99 USA 
B29600 29.56 -38.43 -26.92 USA 
B29655 30.86 -38.37 -27.02 USA 
B29730 29.76 -50.66 -27.23 USA 
17-002004 31.04 -10.59 -25.83 BRA 
17-002007 31.31 -9.97 -25.58 BRA 
17-002014 30.63 -9.76 -25.65 BRA 
17-002015 29.73 -12.9 -25.99 BRA 
17-002017 30.88 -10.65 -25.37 BRA 
17-002020 31.62 -2.04 -25.76 BRA 
17-002023 30.89 -11.74 -26.43 BRA 
17-002027 30.73 -4.16 -26.94 BRA 
17-002031 30.5 -10.49 -26.32 BRA 
17-002036 30.06 -8.22 -26.66 BRA 





Appendix 2: Processed Cotton Information 
Table 25: Processed Cotton Information 
Sample Country Cotton Descriptions 
17-004675 USA SUPIMA, Greige, Satin Weave 
17-004676 USA SUPIMA, RFD Shade, Satin Weave 
17-004677 USA SUPIMA, White Welsoft, Satin Weave 
17-004678 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004679 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004680 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004681 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004682 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004683 USA SUPIMA, Greige, Stripe Weave 
17-004684 USA SUPIMA, RFD Shade, Stripe Weave 
17-004685 USA SUPIMA, White Welsoft, Stripe Weave 
17-004686 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004687 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004688 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004689 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004690 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004691 USA SUPIMA, Greige, Satin Weave 
17-004692 USA SUPIMA, RFD Shade, Satin Weave 
17-004693 USA SUPIMA, White Welsoft, Satin Weave 
17-004694 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004695 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004696 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004697 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004698 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004699 USA SUPIMA, Greige, Stripe Weave 
17-004700 USA SUPIMA, RFD Shade, Stripe Weave 
17-004701 USA SUPIMA, White Welsoft, Stripe Weave 
17-004702 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004703 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004704 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004705 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004706 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004707 USA SUPIMA, Greige, Satin Weave 
17-004708 USA SUPIMA, RFD Shade, Satin Weave 
17-004709 USA SUPIMA, White Welsoft, Satin Weave 
17-004710 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004711 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004712 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
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17-004713 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004714 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004715 USA SUPIMA, Greige, Stripe Weave 
17-004716 USA SUPIMA, RFD Shade, Stripe Weave 
17-004717 USA SUPIMA, White Welsoft, Stripe Weave 
17-004718 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004719 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004720 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004721 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004722 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004723 USA SUPIMA, Greige, Satin Weave 
17-004724 USA SUPIMA, RFD Shade, Satin Weave 
17-004725 USA SUPIMA, White Welsoft, Satin Weave 
17-004726 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004727 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004728 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004729 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004730 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004731 USA SUPIMA, Greige, Stripe Weave 
17-004732 USA SUPIMA, RFD Shade, Stripe Weave 
17-004733 USA SUPIMA, White Welsoft, Stripe Weave 
17-004734 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004735 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004736 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004737 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004738 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004739 USA SUPIMA, Greige, Satin Weave 
17-004740 USA SUPIMA, RFD Shade, Satin Weave 
17-004741 USA SUPIMA, White Welsoft, Satin Weave 
17-004742 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004743 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004744 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004745 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004746 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004747 USA SUPIMA, Greige, Stripe Weave 
17-004748 USA SUPIMA, RFD Shade, Stripe Weave 
17-004749 USA SUPIMA, White Welsoft, Stripe Weave 
17-004750 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004751 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004752 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004753 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004754 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
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17-004755 USA SUPIMA, Greige, Satin Weave 
17-004756 USA SUPIMA, RFD Shade, Satin Weave 
17-004757 USA SUPIMA, White Welsoft, Satin Weave 
17-004758 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004759 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004760 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004761 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004762 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004763 USA SUPIMA, Greige, Stripe Weave 
17-004764 USA SUPIMA, RFD Shade, Stripe Weave 
17-004765 USA SUPIMA, White Welsoft, Stripe Weave 
17-004766 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004767 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004768 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004769 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004770 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004771 USA SUPIMA, Greige, Satin Weave 
17-004772 USA SUPIMA, RFD Shade, Satin Weave 
17-004773 USA SUPIMA, White Welsoft, Satin Weave 
17-004774 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004775 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004776 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004777 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004778 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004779 USA SUPIMA, Greige, Stripe Weave 
17-004780 USA SUPIMA, RFD Shade, Stripe Weave 
17-004781 USA SUPIMA, White Welsoft, Stripe Weave 
17-004782 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004783 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004784 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004785 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004786 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004787 USA SUPIMA, Greige, Satin Weave 
17-004788 USA SUPIMA, RFD Shade, Satin Weave 
17-004789 USA SUPIMA, White Welsoft, Satin Weave 
17-004790 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004791 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004792 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004793 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004794 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004795 USA SUPIMA, Greige, Stripe Weave 
17-004796 USA SUPIMA, RFD Shade, Stripe Weave 
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17-004797 USA SUPIMA, White Welsoft, Stripe Weave 
17-004798 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004799 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004800 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004801 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004802 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004803 USA SUPIMA, Greige, Satin Weave 
17-004804 USA SUPIMA, RFD Shade, Satin Weave 
17-004805 USA SUPIMA, White Welsoft, Satin Weave 
17-004806 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004807 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004808 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004809 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004810 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004811 USA SUPIMA, Greige, Stripe Weave 
17-004812 USA SUPIMA, RFD Shade, Stripe Weave 
17-004813 USA SUPIMA, White Welsoft, Stripe Weave 
17-004814 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004815 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004816 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004817 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004818 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004819 USA SUPIMA, Greige, Stripe Weave 
17-004820 USA SUPIMA, RFD Shade, Satin Weave 
17-004821 USA SUPIMA, White Welsoft, Satin Weave 
17-004822 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004823 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004824 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004825 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004826 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004827 USA SUPIMA, Greige, Satin Weave 
17-004828 USA SUPIMA, RFD Shade, Stripe Weave 
17-004829 USA SUPIMA, White Welsoft, Stripe Weave 
17-004830 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004831 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004832 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004833 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004834 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004835 USA SUPIMA, Greige, Satin Weave 
17-004836 USA SUPIMA, RFD Shade, Satin Weave 
17-004837 USA SUPIMA, White Welsoft, Satin Weave 
17-004838 USA SUPIMA, White Wrinklefree, Satin Weave 
 181 
17-004839 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004840 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004841 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004842 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004843 USA SUPIMA, Greige, Stripe Weave 
17-004844 USA SUPIMA, RFD Shade, Stripe Weave 
17-004845 USA SUPIMA, White Welsoft, Stripe Weave 
17-004846 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004847 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004848 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004849 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004850 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004851 USA SUPIMA, Greige, Satin Weave 
17-004852 USA SUPIMA, RFD Shade, Stripe Weave 
17-004853 USA SUPIMA, White Welsoft, Satin Weave 
17-004854 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004855 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004856 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004857 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004858 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004859 USA SUPIMA, Greige, Stripe Weave 
17-004860 USA SUPIMA, RFD Shade, Satin Weave 
17-004861 USA SUPIMA, White Welsoft, Stripe Weave 
17-004862 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004863 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004864 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004865 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004866 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004867 USA SUPIMA, Greige, Satin Weave 
17-004868 USA SUPIMA, RFD Shade, Satin Weave 
17-004869 USA SUPIMA, White Welsoft, Satin Weave 
17-004870 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004871 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004872 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004873 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004874 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004875 USA SUPIMA, Greige, Stripe Weave 
17-004876 USA SUPIMA, RFD Shade, Stripe Weave 
17-004877 USA SUPIMA, White Welsoft, Stripe Weave 
17-004878 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004879 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004880 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
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17-004881 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004882 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004883 USA SUPIMA, Greige, Satin Weave 
17-004884 USA SUPIMA, RFD Shade, Satin Weave 
17-004885 USA SUPIMA, White Welsoft, Satin Weave 
17-004886 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004887 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004888 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004889 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004890 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004891 USA SUPIMA, Greige, Stripe Weave 
17-004892 USA SUPIMA, RFD Shade, Stripe Weave 
17-004893 USA SUPIMA, White Welsoft, Stripe Weave 
17-004894 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004895 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004896 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004897 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
17-004898 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
17-004899 USA SUPIMA, Greige, Satin Weave 
17-004900 USA SUPIMA, RFD Shade, Satin Weave 
17-004901 USA SUPIMA, White Welsoft, Satin Weave 
17-004902 USA SUPIMA, White Wrinklefree, Satin Weave 
17-004903 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
17-004904 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
17-004905 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
17-004906 USA SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
17-004907 USA SUPIMA, Greige, Stripe Weave 
17-004908 USA SUPIMA, RFD Shade, Stripe Weave 
17-004909 USA SUPIMA, White Welsoft, Stripe Weave 
17-004910 USA SUPIMA, White Wrinklefree, Stripe Weave 
17-004911 USA SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
17-004912 USA SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
17-004913 USA SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
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Appendix 4: Raw Cotton 𝛅2H p-values 
 




Appendix 5: Raw Cotton 𝛅18O p-values 
 
Figure 66: p-values for the 𝛅18O stable isotopes of raw cotton 
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Appendix 6: Raw Cotton 𝛅13C p-values 
 
Figure 67: p-values for the 𝛅13C stable isotopes of raw cotton.  
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Appendix 7: Processed Cotton 𝛅2H p-values 
 
Figure 68: p-values for the 𝛅2H stable isotopes of processed cotton. 
 
Keys: 
B= SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
C= SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
D= SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
E= SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
F= SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
G= SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
H= SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
I= SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
J= SUPIMA, Greige, Satin Weave 
K= SUPIMA, Greige, Stripe Weave 
L= SUPIMA, RFD Shade, Satin Weave 
M= SUPIMA, RFD Shade, Stripe Weave 
N= SUPIMA, White Welsoft, Satin Weave 
O= SUPIMA, White Welsoft, Stripe Weave 
P= SUPIMA, White Wrinklefree, Satin Weave 
















Appendix 8: Processed Cotton 𝛅18O p-values 
 




B= SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
C= SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
D= SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
E= SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
F= SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
G= SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
H= SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
I= SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
J= SUPIMA, Greige, Satin Weave 
K= SUPIMA, Greige, Stripe Weave 
L= SUPIMA, RFD Shade, Satin Weave 
M= SUPIMA, RFD Shade, Stripe Weave 
N= SUPIMA, White Welsoft, Satin Weave 
O= SUPIMA, White Welsoft, Stripe Weave 
P= SUPIMA, White Wrinklefree, Satin Weave 




















Appendix 9: Processed Cotton 𝛅13C p-values 
 





B= SUPIMA, Dyed (ASH), Reactive Welsoft, Satin Weave 
C= SUPIMA, Dyed (ASH), Reactive Welsoft, Stripe weave 
D= SUPIMA, Dyed (ASH), Reactive Wrinklefree, Satin Weave 
E= SUPIMA, Dyed (ASH), Reactive Wrinklefree, Stripe weave 
F= SUPIMA, Dyed (IVORY), Pigment Welsoft, Satin Weave 
G= SUPIMA, Dyed (IVORY), Pigment Welsoft, Stripe weave 
H= SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Satin Weave 
I= SUPIMA, Dyed (IVORY), Pigment Wrinklefree, Stripe weave 
J= SUPIMA, Greige, Satin Weave 
K= SUPIMA, Greige, Stripe Weave 
L= SUPIMA, RFD Shade, Satin Weave 
M= SUPIMA, RFD Shade, Stripe Weave 
N= SUPIMA, White Welsoft, Satin Weave 
O= SUPIMA, White Welsoft, Stripe Weave 
P= SUPIMA, White Wrinklefree, Satin Weave 
Q= SUPIMA, White Wrinklefree, Stripe Weave 
 
